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Nanophotonics in Diamond
Abstract
Diamond nanophotonics have evolved tremendously from the study of
color centers in bulk single crystals and nanocrystals to their
characterization in nanostructured environments. This development
was facilitated by the ability to generate monolithic, sophisticated
nanodevices in high quality single crystal diamond. This thesis
presents some recent contributions to the ﬁeld of diamond
nanophotonics: Increase in single photon collection from NV centers
embedded in diamond nanowires, broadband spontaneous emission
enhancement of single NV centers in plasmonic resonators, and
coupling of single NV centers to planar resonators on-chip such as
ring resonators and photonic crystal cavities.
In addition, the generation of high quality integrated diamond
devices allows for the exploration of nonlinear processes in diamond.
Here, we show for the ﬁrst time optical parametric oscillations in
diamond resonators.
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Outline
This thesis comprises two parts, the ﬁrst part addresses diamond
nanophotonics in the visible with Nitrogen Vacancy (NV) color
centers while the second part covers the generation of parametric
oscillations on chip at telecom wavelengths.
The ﬁrst part is based in parts on reference [80] and is structured as
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follows:
• Chapter 2 gives an overview on the NV center and diamond in
general.
• Fabrication techniques are presented in chapter 3 along with
material considerations [72, 80]. Techniques that were developed
during my time as diploma student are reviewed.
• In chapter 4 work on diamond nanowires during my diploma
thesis is reviewed, which was continued and extended during my
Ph.D. Especially, the fabrication in this thesis builds upon these
early developments. This chapter gives an overview of our
diamond nanowire publications [11, 72, 73, 80].
• The broadband spontaneous emission enhancement of the NV
center’s decay rate in a plasmonic resonator is considered in
chapter 5 which has been published with minor changes in [38].
• Chapter 6 introduces a planar diamond platform on insulator,
which is exempliﬁed in the integration of NV centers in diamond
ring resonators along with the on-chip routing of their single
photons. This chapter has been published with some changes in
[76].
• Building upon the single crystal diamond on insulator (DOI)
platform, the coupling and enhancement of single NV centers
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coupled to suspended photon crystal cavities are demonstrated
in chapter 7. This chapter has been published (in this corrected
version of the thesis) in [77].
The second part presents nonlinear optics in diamond ring
resonators and is organized as follows:
• In chapter 8 waveguide integrated ring resonators as device of
choice are introduced. Most of this chapter has been published
in [79].
• Results on parametric oscillations are presented in chapter 9. A
publication based on this chapter has been accepted to Nature
Photonics at the state of the corrected version of the thesis [78]
The thesis ends with a conclusion and outlook in chapter 10.
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Part I
First part: Diamond
nanophotonics using color
centers
4
Il n’y a réellement ni beau style, ni beau dessin, ni
belle couleur : il n’y a qu’une seule beauté, celle
de la vérité qui se révèle.
Auguste Rodin
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Introduction
2.1 Diamond and its color centers
Researchers have long been attracted to diamond for its many unique
properties. For example, diamond’s large refractive index (n=2.4) and
the presence of color centers, such as the silicon vacancy (SiV) [173]
5
Figure 1: (a) Schematic of an NV center in the diamond carbon lattice. (b)
Electronic level scheme of the negatively charged NV center, and (c) spectra
of the NV center emission both at room and low temperature. Figures (a),
(c) with courtesy of [14] [87].
and nitrogen vacancy (NV) centers [20, 101, 186], that can be
addressed individually using optical excitations, are of particular
interest to the ﬁeld of quantum optics and photonics. Other
light-emitting defects in diamond based on Carbon [127], Nickel [64],
and Chromium [2] impurities have also been shown to generate
non-classical states of light and emit single photons at room
temperature, which is a critical resource for quantum optical
communication systems. Eﬀorts to identify other outstanding color
centers in diamond are on-going [178]. Notably, the negatively
charged NV center has been in the focus of diamond photonics
research for more than 50 years [186] as a promising platform for the
realization of robust, room temperature, single-photon sources. Due
to its stability, long electron-spin coherence time, and optical read-out
capabilities as well as its possible formation via ion implantation, it is
among the most appealing color centers in diamond. The NV center is
6
Figure 2: Cartoon of diamond integrated devices on chip containing NV cen-
ters which are discussed in chapter 6.
formed by replacing one carbon atom in the diamond lattice by a
nitrogen atom, and removing one adjacent carbon atom such that the
NV center’s axis is along the [111] direction (Fig. 1a). It can exist in
two charge states, NV0 and NV  out of which the NV  center is
suitable for quantum operations due to the electron’s spin kinetics.
NV centers can be introduced either during the diamond’s growth or
after the diamond has formed, using ion implantation. The electronic
levels of the negatively charged NV center, sketched in Fig. 1b,
consist of triplet ground (3A) and excited (3E) states that are
separated by 1:95 eV corresponding to 637 nm. The triplet ground
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state of the NV center is split due to spin-spin coupling eﬀects by
2:87GHz between the ms = 0 and ms = 1 states [69]. A selective
coupling between the excited states and the long-lived metastable
singlet state (1A1), dependent on the initial ground state population,
enables state-dependent ﬂuorescence and spin-readout. The NV
center’s emission spectrum can be obtained using green excitation and
consists of a zero-phonon line (ZPL) at 637 nm, a pure photon
transition, and a broad phonon sideband (PSB) from 637 nm to
around 800 nm that originates from phonon-assisted transitions. The
electron-phonon coupling for an NV center is strong so that most of
the spontaneous emission occurs into the PSB. Fig. 1c shows the NV
center’s spectrum in a bulk diamond both at room and low
temperature. At low temperature, the phonon-assisted transitions
around the ZPL are suppressed and the ZPL becomes much more
visible. The ZPL emission can be further increased using optical
resonators as discussed below.
For applications in quantum information science and technology,
diamond oﬀers unique advantages over other solid-state platforms.
The NV center in particular, as a stable single photon source, that
can be used as a long-lived (spin-based) memory with optical read-out
via its optically-detected magnetic resonance, is very attractive for
applications [88] in magnetometry [13, 121] and quantum information
science and technology [37, 50, 129, 132, 181]. For instance, NV
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centers coupled to a resonator could form a quantum node of a
quantum network to store, manipulate and process information while
waveguides could represent quantum channels between the nodes that
transfer quantum information [93, 132]. While proof-of-principle
quantum networks with diamond NV centers have previously been
demonstrated [21, 36], the scalability of the approach crucially
depends on the realization of an integrated diamond nanophotonic
platform (Fig. 2).
Until recently scalable diamond photonics has been limited to bulk
[3, 11, 17, 38, 70, 160] or polycrystalline diamond devices
[82, 176, 177] due to diﬃculties associated with the fabrication of
thin, single crystal, diamond (SCD) ﬁlms on sacriﬁcial or low index
substrates. Light absorption and scattering at grain boundaries can
be detrimental for the polycrystalline diamond approaches, while the
realization of scalable, on-chip quantum networks is challenging with
single-crystal bulk diamond approaches.
These and other applications, however, depend crucially on the
eﬃciency with which information can be exchanged between the NV
center’s electron spin (a stationary qubit in the context of quantum
computation) and a photon (a ”ﬂying” qubit). Therefore, there has
been great interest in increasing the photon - NV center interaction
using diamond - based optical nanostructures. While quantum science
and technology has been the main driving force behind recent interest
9
Figure 3: Schematics of diamond devices discussed in this thesis. (a) Dia-
mond nanowires containing single NV centers that provide a high capture of
single photon ﬂux. (b) Diamond silver apertures oﬀer Purcell enhancement of
the NV center’s emission. In a dream quantum network, these silver-capped
nanoposts can be envisioned as individual nodes that communicate via single
photons that are routed either on- or oﬀ-chip. (c) Integrated diamond devices
such as ring resonators (shown here coupled to an optical ﬁber) as well as
photonic crystal cavities (not shown).
in diamond nanophotonics, such a platform would have many
applications that go well beyond the quantum realm. For example,
diamond’s transparency over a wide wavelength range and large
third-order nonlinearity are of great interest for the implementation of
frequency combs. Furthermore, diamond’s wide bandgap (5:5 eV),
very large phonon energy (165meV compared to 65meV in Si), and
excellent thermal properties are suitable for integrated, high-power
Raman lasers [46, 125].
2.1.1 Challenges in diamond fabrication and material syn-
thesis
Recent accomplishments in diamond nanodevices Due to
diﬃculties associated with the fabrication of nanoscale optical devices
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in diamond, early approaches to enhance the NV center-photon
interaction had mostly relied on hybrid platforms that couple
diamond nanocrystals [20] or nano pillars to evanescent or conﬁned
optical ﬁelds produced by dielectric [16, 53, 103, 136, 152, 171] or
metallic [35, 85, 154, 155] nanostructures. However, the optical and
spin properties of single NV centers found in nanocrystals tend to be
inferior to those in bulk diamond and device fabrication lacks
scalability. In particular, severe spectral diﬀusion of the ZPL and its
broad linewidths, even at low temperature [180], have limited the
applications of diamond nanocrystals. Another bottleneck in many of
these techniques is the deterministic coupling of single quantum
emitters to photonic elements, which is typically challenging and
incompatible with large-scale production of devices. For instance,
bottom - up approaches involving diamond nanocrystals have mostly
relied on random (drop/spin-casting) or alignment - sensitive
(pick-and-place by an AFM tip) techniques of positioning diamond
nanocrystals to achieve emitter-optical ﬁeld coupling, resulting in
one-of-a-kind devices.
An enticing approach is to realize optical devices directly in
diamond and embed individual color centers inside them. However,
the realization of such a monolithic system is met with a set of
material challenges, namely the diﬃculty of growing high-quality
single crystal diamond ﬁlms on sacriﬁcial or low index substrates, and
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the physical and chemical resilience of the material. Ion slicing [134]
has been used to realize thin diamond slabs, but damage introduced
into the diamond during the process has prevented applications in
quantum science. However, recent techniques based on the regrowth
of single crystalline material on sliced membranes [4], [114] showed
promising results. An alternative technique used to sculpt optical
devices directly in diamond is based on focused ion-beam (FIB)
milling [10] [156], [18][12]. Despite the versatility of the method,
however, the resulting devices are prone to damage due to the
implantation of gallium ions. Furthermore, the devices are one of a
kind and the fabrication process is slow. Therefore, the approach is
likely not suitable for the realization of nanoscale optical devices and
their large scale integration. The exception are devices in which the
NV center is located far away from the processed surface, such as
solid-immersion lenses (SILs) [70, 156, 160], or post-processing
techniques are used to minimize the damage due to ion bombardment
[146].
Recent advances in conventional top-down fabrication techniques
now allow for three-dimensional [72], [11] and planar [55], [76], [56],
[146] nanoscale diamond structures to be made with scalability and
high yield. This approach involves the patterning of an etch mask
using electron beam lithography (EBL) and subsequent reactive-ion
etching (RIE) of diamond material in an oxygen-based environment
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[72]. Thousands of devices can be realized in parallel this way, which
suggests that the procedure can eventually enable the construction of
chip-scale quantum networks. Additionally, the latter approach of dry
etching diamond can be used in conjunction with ion implantation to
provide deterministic positioning of color centers in nanophotonic
devices [73].
Material considerations Device throughput is an important
consideration for diamond nanofabrication and greatly depends on the
density and distribution of NV centers in the diamond substrate. In
type Ib diamond (Element six, < 200 ppm N content), the NV center
density is quite high, but varies from chip to chip as well as within the
chip. In type IIa mechanical grade CVD diamonds (Element six,
< 1 ppm N content), the NV center density is usually too high for
single NV centers to be resolved, while the density of NV centers in
ultrapure electronic grade CVD diamond (Element six, < 5 ppb N
content) is very low to the extent that sometimes no NV centers are
found close to the surface in a whole chip. However, when found, these
NV centers are of high quality and can have ZPL linewidths down to
 20MHz in resonant absorption [181]. In mechanical grade IIa CVD
NV centers have shown to have ZPLs as narrow as 4GHz [56] in a
nanodevice. Nonetheless, the randomness in the density and position
of natural NV centers makes their integration in optical devices
challenging when precise positioning at a mode maximum is required.
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Hence, there has been interest in engineering the spatial
distribution of single color centers in diamond via ion implantation on
a large scale. Techniques based on blanket electron irradiation or ion
implantation at diﬀerent dosages [69, 143], focused ion implantation
[123], and implantation through nanoscale apertures [124, 167] have
all been demonstrated to generate single color centers in a bulk
crystal. Implantation of Nitrogen ions (usually 15N to distinguish
from naturally occurring 14N via the hyperﬁne splitting signature [87])
oﬀers some control over the depth of NV centers (to the accuracy of
the ion straggle) in the crystal by way of the ion energy. The ion
dosage and annealing conditions can further increase the probability
of proper integration of NV centers to devices by providing some
degree of density control and will be discussed in chapter 3.3. Future
scalable quantum technologies will beneﬁt from complete fabrication
routines that combine diamond photonic device engineering with ion
implantation of color centers at the single defect level.
2.1.2 NV-Photon interaction inside an optical cavity
Due to the strong electron phonon coupling that leads to a prominent
PSB emission, only  5% of the overall radiative NV emission goes
into the ZPL. This limits the ZPL photon rate to  1; 000 counts per
second (CPS), in a typical confocal microscope, which in turns
signiﬁcantly limits the applications in quantum science and
14
technology that rely on high rates of indistinguishable photons (e.g.
realization of quantum repeaters). This situation can be signiﬁcantly
improved by embedding NV centers inside optical devices which fall in
one of the two categories:
(A) Non-resonant geometries, like diamond nanowires [72], [11] and
solid immersion lenses [70], that overcome total internal
reﬂection (TIR) at the diamond-air interface can be used to
signiﬁcantly improve the photon collection eﬃciency without
aﬀecting the radiative emission rate of the NV center.
(B) Resonant optical structures, both dielectric and metallic [38],
can be used to increase the emission rate of the NV center via
the Purcell eﬀect [140]. Some quantum cryptography schemes
rely merely on the single photon rate where plasmonic resonators
provide an attractive approach [6, 29, 51, 99, 115, 147]. Here,
sub-wavelength conﬁnement of optical ﬁelds can strongly modify
the spontaneous emission of a suitably embedded dipole despite
possessing only modest quality factors. Meanwhile, the
scalability of solid-state quantum systems critically depends on
the ability to control such emitter-cavity interaction in a
number of devices in parallel. For other applications in quantum
science and technology, high-quality factor optical resonators
with sharp optical resonances are of particular interest: when
their resonance is matched to the NV center’s ZPL, selective
15
enhancement of the ZPL emission over the PSB emission can be
achieved. In this case, optical resonators on-chip such as ring
resonators or PCCs are of particular interest.
The Photon-NV center interaction can be described in terms of the
coupling rate g between the emitter and the cavity ﬁeld, the cavity
decay rate  and the spontaneous emission rate . Depending on the
relative magnitude of these rates, two diﬀerent regimes are possible: i)
the weak coupling regime, characterized by g2 >   , and ii) the
strong coupling regime, where g >> ; . The weak coupling regime
(Purcell regime) is of interest in applications that depend on a large
number of ZPL-single photons, including single photon
transistor/photon blockade experiments [32] [22], various interference
and entanglement scenarios [23] [129] [166][137], or eﬃcient read-out
from quantum registers [50] [131]. In this limit, the Purcell factor, FP ,
is often used as a ﬁgure of merit for the degree of spontaneous
emission rate enhancement. For an emitter placed at the cavity’s ﬁeld
maximum with optimum polarization, FP is deﬁned as
FP =
g2

=
3
42


n
3
Q
V
> 1 (2.1)
where Q is the quality (Q) factor and V the mode volume of the
resonator. The Q-factor describes the resonator’s ability to store
photons, whereas V represents the mode volume in the dielectric
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material. For an NV center, where a maximum 5% of light is emitted
into the ZPL, a Purcell factor of 20 results in equal emission rates into
the ZPL and the PSB. In addition, the ZPL is usually not
lifetime-limited and is broadened by charge ﬂuctuations around the
NV center. A Purcell factor exceeding 20 might counteract this eﬀect
in the case where the cavity linewidth is broader than the ZPL. To
enter the weak coupling regime a Q-factor on the order of 103 is
needed for a mode volume of 1  (=ndiam)3, as can be achieved with
photonic crystal cavities (PCCs), having an optimum NV axis
orientation with respect to the mode polarization and mode overlap.
These eﬀects put stringent requirements on the quality of optical
cavities made in diamond when compared to other material systems.
For example, compared to quantum dot-cavity systems [172], a NV
center-diamond cavity system needs to have up to two orders of
magnitude larger cavity Q-factor to achieve a comparable Purcell
factor. This, combined with immature fabrication techniques for
diamond, makes the realization of quantum optical devices based on
diamond very challenging.
In the strong coupling limit, coherent exchange of energy between
the NV center and the cavity ﬁeld exists, and the system undergoes
Rabi oscillations between the split dressed states [49]. Strong coupling
could enable a full spectral control of the NV center’s ZPL emission,
as well as extraction of emitted photons into a well deﬁned cavity/
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waveguide mode. Furthermore, this limit of light-matter interaction is
of interest for deterministic, on-demand, single photon sources [122].
While these oscillations have been observed with other solid-state
systems [145], this regime of operation is challenging to achieve with
NV centers (where a Q-factor on the order of 105 is needed) due to
the lack of high-Q all-diamond optical resonators, as well as stable
NV centers embedded inside optical nanostructures.
2.2 Outline
In this thesis, eﬀorts to realize non-resonant diamond structures, as
well as resonant structures in the weakly-coupled limit are described
in part I. First, single NV centers coupled to a waveguide mode of a
diamond nanowire are demonstrated as a high-collection eﬃciency
platform (Fig. 3a). The second geometry considered consists of a
diamond nanopost embedded in silver. This nanocavity takes
advantage of the ultra-small mode volume typical of metallic
nanodevices in ordered arrays to increase the radiative emission rate
(Fig. 3b) over wide wavelength range. The third device described
consists of a ring resonator coupled to an optical waveguide (Fig. 3c)
- a building block for future on-chip quantum networks. On-chip
single-photon routing using this device is discussed as well. Finally,
the coupling of single NV centers to suspended PCCs is discussed. A
Purcell enhancement of the NV center’s ZPL is inferred when tuning
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the cavity mode over the ZPL in low temperature measurements.
Part II covers nonlinear optical processes in fully integrated SCD
diamond ring resonators on a low index substrate. The strong
interaction of light with the diamond material due to the resonator’s
high Q factors allow for the exploration of optical parametric
oscillations based on diamond’s X(3) response.
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Un art qui a de la vie ne reproduit pas le passé ;
il le continue.
Auguste Rodin
3
Diamond fabrication and
Implantation
3.1 Materials and Methods
We used two types of diamond samples based on their crystalline
nature: a) poly-D ﬁlms and b) type Ib and IIa single crystal
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diamonds(SCD) synthesized via HPHT and CVD processes
respectively. While SCDs are needed to realize single-photon sources,
poly-D ﬁlms have been used to identify highly resistive etch masks
and to optimize etch recipes and other processes due to their low-cost
and availability in large quantities.
The poly-D samples were diamond on insulator (DOI) AQUA 25
wafers (2m poly-D ﬁlm on 1m thermal SiO2 on a Si substrate)
from Advanced Diamond Technologies, Inc. The nitrogen rich HPHT
Ib and two diﬀerent types of CVD IIa SCDs (low and high Nitrogen
content [N ] < 1 ppm, [N ] < 5 ppb respectively) were obtained from
Element Six (E6) or occasionally CVD SCD from Apollo Diamond.
SCD samples had unless noted otherwise a <100> crystal orientation
(and occasionally <111> orientation). Prior to mask deposition the
SCD samples were cleaned for about 45min in a boiling 1:1:1 (Nitric :
Perchloric : Sulfuric) acid bath. This aggressive etch was not used
with the poly-D samples as it appeared to damage the DOI ﬁlm.
Three diﬀerent routes in etch mask deﬁnition were pursued as
illustrated for the exempliﬁed fabrication of nanowires in Fig. 16.
(A) Nanoparticle mask, deposited via drop-casting: In this approach
drop cast nanoparticles have been used as an etch mask. Au and
SiO2 colloids suspended in DI water as well as Al2O3 powder
with diﬀerent sizes were used. While the method is least time
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Figure 4: Fabrication process schematic. (A): Drop casting of nanoparticles
(Al2O3, Au, SiO2) followed by etching. (B) EBL deﬁned metal/ceramic evap-
oration or sputtering respectively. (C) EBL deﬁned FOx mask (ﬂowable oxide,
a spin-on-glass resist).
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consuming, it results in randomly distributed wires, the particle
sizes diﬀer within each suspension within statistical errors and
the distribution of wires is not completely uniform across a chip.
(B) Au, Cr or Al2O3 mask deﬁned via a lift-oﬀ process: In this
approach, evaporated metal or sputtered alumina was used as an
etch mask. A pattern was deﬁned in EBL using bilayer PMMA
from MicroChem Corp in 100 kV or 125 kV Elionix e-beam tools.
Dosages were varied from 800C=cm2 to 1600C=cm2. Next,
for example, 10 nm Cr and 200 nm Au evaporation followed by a
lift-oﬀ process was used to deﬁne a metal etch mask.
(C) Spin-on-glass (HSQ) mask deﬁned by EBL: XR e-beam (Dow
Corning) resist was ﬁrst spun having a better adhesion to
diamond and ﬂowable oxide (FOx 17, Dow Corning) was diluted
with MIBK in 1:2 or 1:1 ratios and spun as second layer for
longer etch processes. Dosages from 4800C=cm2 to
8000C=cm2 were used to expose FOx resist in the case of
nanowires with diameters up to 250 nm. For larger surface area
devices the dosage required is much lower.
An ICP RIE system (UNAXIS shuttleline) was used to transfer the
mask pattern into diamond. An etch recipe having 30 sccm oxygen
ﬂow rate, 100W Bias power, 700W ICP power at a 10mTorr chamber
pressure was used, hereafter referred to as ”basic recipe”. After RIE,
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the mask was removed in gold (type TFA, Transene) and /or chrome
etchant (type 1020, Transene) or an HF (49%, aq) wet etch was
performed to remove the remaining FOx or alumina mask followed by
another acid bath treatment. For implanted samples, several
post-processing procedures such as high temperature annealing,
cleaning and an anneal in a rapid thermal processor (RTP) was
performed in oxygen environment at 465 C.
3.2 Results and discussion
3.2.1 Basic top-down device fabrication for nanowires and
-posts
The etch recipe was optimized (starting with poly-D material) to
obtain a vertical wire proﬁle. Details on the results on variations of
the etch recipe can be found in [72]. Diﬀerent mask materials,
including metals like Au and Cr, ceramics like Al2O3, and diﬀerent
forms of silica were also evaluated. We found that spin-on-glass HSQ
resist provides both a high etch resistivity and very smooth sidewalls.
Although the resist handling (quick degradation of resist over time
and low adhesion on top of diamond) is challenging and the
repeatability is poor compared to other standard EBL resists, it
provides highly smooth sidewalls [72]. The optical device performance
depends critically on the smoothness of sidewalls to avoid scattering
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of light and hence a loss channel. The optimized etch recipe seems to
not add further deterioration (which has yet to be conﬁrmed by
AFM); the etching seems to transfer the level of resist smoothness
into the ﬁlm. For some devices like ring resonators, we found that we
are limited by how the EBL writes the pattern (see details in section
9.2). For the fabrication of nanowires a quick way to obtain randomly
distributed nanowires without the necessity of EBL is dispersing nano
particles on substrates (Fig. 5a) according to method A. This process
can be useful for bio-applications, where the non-toxicity of diamond
comes in handy for tests of luminescent markers in fruitﬂys for
example. Here, a very high yield (100 millions of devices) of
nanowires is required, which also needs to be transferred from the
substrate to the fruit ﬂy food. A collaboration with Christelle Prinz
in Lund University is being pursued in this direction.
For ease in characterization it is desirable to use EBL and create
ordered arrays of nanowires (or any devices). A longer run of the basic
recipe resulted in a cone-shaped proﬁle of wires (Fig. 6). Verticality
in sidewalls was achieved for a process where the recipe was varied in
time: The basic recipe was used for 2min, the ICP power was
decreased to 600W for 3min and then ramped up to 1000W for
5min. We were able to realize large arrays of 2m tall nanowires with
near vertical proﬁle (Fig. 7a and 21) as well as 4:3m tall wires with
a 4-step recipe (Fig. 7b). Etch rates in diﬀerent types of diamonds
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(a) (b)
Figure 5: Poly-D nanowires after a 5min oxygen etch. (a) Al2O3 powder as
mask ( 200 nm in diameter) [72]. (b) Au colloids as mask 100 nm-Au.
were found to be similar [76]. Even if mask erosion occurs and the
nanowire has a tapered proﬁle it will not deteriorate the nanowire’s
performance, but can be beneﬁcial for a high extraction eﬃciency of
single photons emitted from NV centers embedded within nanowires
[61]. Tiny diamond posts were also fabricated in a short RIE run as
discussed in the section on plasmonic resonators 5.2.
3.2.2 Planar device fabrication
The method presented here was developed together with our
collaborators from the Yacoby group [116].The advantages of this
approach lie in the high crystal quality that can be maintained for the
optical devices. We note, however, that the handling of such thin
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(a) (b)
Figure 6: SCD wires formed in a Ib HPHT diamond. FOx was used to pro-
duce an array of pillar-shaped mask with EBL. The mask was then transfered
to the substrate during a 10min oxygen etch and subsequently removed. The
height of the wires is 2:3m. (a) The diameters at the broadest part of the
top and the bottom are  110 nm and  310 nm respectively. At the thinnest
part of the wires the diameter is  70 nm. Inset: One wire with the remaining
FOx mask after etching (diﬀerent diameter). (b) One array of nanowires with
a bottom diameter of 226 nm.
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Figure 7: (a) Nearly vertical sidewalls were achieved for these 2m high
SCD (Ib HPHT) wires after a 10min oxygen etch. The diameter at the bot-
tom is  260 nm. (b) SEM image of an array of nanowires of height 4:3m
after a 4-step etch recipe was applied
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Figure 8: (a) SEM image of an array of nanowires of height 2m and di-
ameter 200 nm. Thousands of devices can be realized in parallel due to high-
throughput nanofabrication techniques that were used. (b-c) Higher magniﬁ-
cation images of nanowire arrays.
diamond substrates (< 1m thickness), as well as wedging of the
diamond ﬁlms, can be detrimental in the fabrication process.
Planar device fabrication requires a thin diamond ﬁlm on a
substrate and for optical needs, a low-index substrate like silica on
silicon. As mentioned before, growing thin ﬁlms of diamond on a
diﬀerent substrate results in polycrystalline diamond which has not
yet been shown to comply with single photon operation. The lattice
constant mismatch between diamond and most substrates is
signiﬁcant, hence the polycrystallinity. However, one approach
comprises the growth of a thin diamond ﬁlm on cubic boron nitride
(cBN) on diamond, which has a similar refractive index of 2.1 and
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lattice constant. The growth of cBN on diamond has been
demonstrated [187]. In addition, sputtered ﬁlms of cBN on diamond
tend to come oﬀ the substrate in an acid bath [118].
Ebeam Lithography
ICP RIE
Deep etch via ICP RIE
(a) (b)
(d) (c)
Figure 9: Fabrication schematic used to make ring resonators is as follows:
First, we thin a diamond slab via an oxygen based reactive ion etch (RIE).
Next we use e-beam lithography to deﬁne a the devices in e-beam resist. Fi-
nally we transfer the mask into the thinned diamond slab using RIE. Residual
resist is not removed from devices during characterization. Optically active
defect centers are indicated in red.
Here, our approach involves the fabrication of high quality, low loss
diamond devices directly in SCD thin slabs. Figure 9, illustrates our
fabrication sequence exempliﬁed on ring resonators, based on the
approach that we [74, 111, 116] as well as others [55] have
demonstrated. First we thin a 10  50m thick type Ib or IIa single
crystal diamond slab (Element Six) to the preferred device layer
thickness by an oxygen-based ICP RIE [116]. Figure 10 shows a
partly masked diamond thin ﬁlm (with a quartz plate) after several
m have been etched. The deep etching leaves sidewalls at the edges
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of the diamond ﬁlm behind (Fig. 11) which need to be removed in
acid cleaning or sonication bath if the ﬁlm thickness is  3m.
Etching has to be performed on both sides of the diamond to remove
at least 2m of diamond material on the surface that can have
stress/strain from the polishing process otherwise the ﬁlm might bend
(Fig. 12a, b).
Figure 10: Depending on the sample size, quartz was used to mask oﬀ part
of the diamond plate prior etching. Si or silica substrates have been used
for deep etching. Remarkably, the etch recipe etches Si substrates with de-
cent rates of > 12m=cycle as well. For silica substrates an etch rate of
150 nm=min has been inferred for the oxygen etch step only.
The thinning process requires a truly clean surface as residual dirt
on the substrate results in ”dimples” that will lead to holes in the thin
ﬁlm (Fig. 13). Most likely, residual dirt acts as a mask for nanowires,
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that form trenches surrounding the nanowire base during the etch
process. At some point during the etch, the wire etches through from
the side when it has a bowling pin shape or gets etched away when
the ﬁlm is very thin (Fig. 12c). For that reason it is also crucial that
the etch chamber is clean. Since numerous materials are etched or
used as a mask in our ICP RIE chamber, the chamber sidewalls get
coated with etch residues after some time. The long etch times in
deep etching causes the chamber to heat up and etch residues
deposited at the chamber sidewalls tend to come oﬀ more easily.
Furthermore, dimple formation can also arise from polishing defects
often present in the surface of as - purchased diamond. After
thorough cleaning (acid and solvent clean in sonication if necessary),
the diamond gets transferred onto p-doped Si (or just Si or silica) and
bonded to the substrate. Best bonding results are obtained when the
surfaces of the diamond and the substrate are freshly cleaned, and
when the diamond is rinsed in DI water (instead of solvents) after the
acid clean. Then, deep etching can be performed and ﬁgure 14
presents a good quality well-bonded thin ﬁlm.
The deep etch itself contains of cycling through the following steps:
1) 10  30min Ar=Cl2 etching, 2) up to 30min oxygen etching and 3)
15min cooling while purging the chamber with Ar. The last step is
necessary to prevent graphitization due to the associated heating after
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Figure 11: During deep etching sidewalls form due to either re-deposition of
material or diﬀerent etch rates for diﬀerent crystal orientations.
long etching. The etch rate of the oxygen rate has been found to be
200  250 nm=min. The etch rate varies with chamber condition over
time, and the Ar=Cl2 etch rate itself can vary immensely. Overall an
etch rate around 6  8m=cycle has been established. The etch has to
be stopped when the diamond starts to get etched through at one of
the sides (due to the wedged proﬁle of the initial diamond substrate),
which can be observed through the chamber window. A ﬁnal cleaning
step and transfer to SiO2=Si substrate is necessary when making
integrated devices like ring resonators. For suspended devices such as
PCCs the diamond can remain on Si which will eventually be
undercut beneath the devices. In general, the better the quality of the
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Figure 12: (a-b) Residual stress in the ﬁlms, that most likely arise during the
polishing process, can cause warping of ﬁlms for thin thicknesses. (c) Non-
clean surfaces can assist the formation of nanowires which can ﬁrst lead to
dimples that eventually result in holes in the ﬁlm.
34
original diamond ﬁlm (in terms of roughness and cleanliness), the
better is the bonding strength. Obtaining a nice thin ﬁlm without
breaking it into small pieces during the cleaning and transfer steps
and without many dimples is the most tricky part of the fabrication
process. After the ﬁnal ﬁlm thickness is achieved and the (good) ﬁlm
is transferred and bonded well on the ﬁnal substrate, the student can
take a deep breath and be happy.
Figure 13: A diamond ﬁlm on substrate containing ”dimples” after the thin-
ning process that result in holes in the ﬁlm.
Finally, EBL is used to expose XR and/or FOx resist to form a
mask which is transferred to the diamond ﬁlm in another etch.
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Figure 14: Well-bonded diamond thin ﬁlm on a Si substrate after deep etch-
ing.
3.3 Implantation
In collaboration with the Lukin group and Yacoby group at Harvard,
diﬀerent routes in implantation have been pursued [8, 39]. Here, the
main goal is the formation of photostable NV centers having
lifetime-limited ZPL even in diamond nanodevices. Prior to our work,
implanted NV centers have not been observed to have narrow ZPLs
(or any at all in resonant absorption measurements [89]) even in bulk,
and furthermore often are not even photostable for a long time at low
temperature. Moreover, the quality of implanted NV centers seems to
be even more aﬀected in nanostructures at low temperature. To
understand the origin of this problem and to ﬁnd suitable solutions,
36
we study diﬀerent implantation conditions, and post-implantation
treatment procedures. Our eﬀorts have resulted in the formation of
high quality NV centers in bulk and nanodevices even at low
temperature.
Spectral diﬀusion is introduced by the green laser pulse that
re-ionizes the NV center after each resonant red pulse in resonant
absorption measurements. The relatively high energy photons of the
green laser (2:3 eV) can however excite various other defects, surface
states etc surrounding the NV center. It has been shown that a very
weak resonant excitation of the NV0 at 575 nm can decrease spectral
diﬀusion eﬀects signiﬁcantly [161]. This scheme could potentially
circumvent spectral diﬀusion due to surface states for implanted NV
centers in diamond nanodevices as well.
3.3.1 Annealing
First, the annealing procedure has been revisited. In literature, NV
center implantation is typically followed by a 2 hour anneal at around
750  800 C where vacancies are known to start diﬀusing in the
crystal and to form NV centers. However, the implantation does not
leave the lattice unaﬀected, but rather causes interstitials, vacancies,
vacancy complexes and other defects as the ions impinge on the
diamond lattice. The photostability and spectral properties depend
strongly on the NV center’s environment and other defects might
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cause photoionization of the negatively charged NV center or spectral
broadening. The Nitrogen itself can come to rest either as interstitial
point defect or at a Carbon lattice site. At  400 C, the interstitial
Nitrogens start moving to ﬁnd lattice sites. It has been found that the
formation of NV centers is most eﬀective at around 800 C. However,
at that temperature, other defects (such as di-vacancies [169], vacancy
complexes) might not move yet. Hence, at even higher temperatures,
other defects and vacancy complexes might start diﬀusing away from
the Nitrogen and NV center layer and might also leave the crystal.
Therefore, we implemented a 3-step annealing procedure that consists
of a 4 hour anneal at 400 C, followed by a 2 hour anneal at 800 C
and a 2 hour anneal at 1200 C in high vacuum.
3.3.2 Implantation density
Second, we study the ZPL linewidth as a function of nitrogen ion
density while implementing the above mentioned annealing procedure.
Here, only electronic grade IIa CVD (Element Six) diamonds have
been used. The depth of the implantation was aiming at 100 nm for
the data presented, corresponding to an ion energy of  80 keV. We
note however, that the actual depth can signiﬁcantly deviate from the
intended depth due to channeling eﬀects [48, 179]. Before
implantation, samples were pre-etched for 2m to remove the residual
stress layer from mechanical polishing in Ar=Cl2 and oxygen RIE steps
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and acid cleaned before being shipped for Nitrogen ion implantation
(Core Systems). After the implantation the samples were acid
cleaned, annealed and acid cleaned again, followed by a 145min long
RTP step in oxygen ﬂow (5000 sccm) to minimize background
ﬂuorescence originating from surface functionalization eﬀects.
Figure 15 shows confocal scans and corresponding representative
resonant absorption ZPL scans measured in the phonon sideband at
4  7K for Nitrogen ion dosages of 109 cm 2, 1010 cm 2, 1011 cm 2 and
1012 cm 2. For nanodevices, a high NV density is preferable so that a
high yield of cavities containing a single NV center can be achieved.
However, it can be seen that the spectral properties of the ZPL
deteriorate when the Nitrogen content in the crystal increases within
our range of tested dosages. Remarkably, for a dosage of 1010 cm 2 we
observe almost lifetime limited linewidths down to  30MHz with
good photostability (over weeks). Here, the Nitrogen to NV
conversion eﬃciency is 1% (or 1 NV center per 1m2). For a lower
dosage, the conversion eﬃciency seems to be too low for an eﬃcient
integration of NV centers with devices. Hence, for our purpose, we
found an optimum dosage to be 1010 cm 2. This result can be
interpreted as follows: The photostable and low spectral diﬀusion ZPL
seems to be accompanied by a certain Nitrogen content in the crystal.
The Nitrogen atoms, whose level is about 1:8 eV below the conduction
band of diamond, can be easily excited and hence ionized with the
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green pump laser (2:3 eV). The electron can then relax (under photon
emission) and be captured by the NV center. Therefore, the
implanted Nitrogen atoms act as an electron donor bath (up to a
certain degree), thus stabilizing the NV  centers. For higher dosages
however, spectral diﬀusion introduced by the high Nitrogen content
and/or accompanied by other defects or a general deterioration of the
diamond lattice by the high Nitrogen dosage broadens the ZPL.
Figure 15: The density and ZPL linewdith as a function of Nitrogen ion im-
plantation density is shown in confocal scans (a) and representative ZPL reso-
nant absorption scans in (b).
3.3.3 Nanodevices and surface effects
When devices are fabricated in diamonds that underwent the
optimized implantation procedure the ZPL properties deteriorate
signiﬁcantly in both photostability and spectral diﬀusion. This eﬀect
seems to be more severe with decreasing device size suggesting surface
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eﬀects as possible cause. The properties can be restored to some
degree ( 100MHz in the best case,  1GHz reliably) when repeating
the annealing process discussed above. The requirement of
re-annealing increases the diﬃculty of the use of thin ﬁlms since
handling of the 250 nm thick ﬁlms is delicate. Therefore, we identiﬁed
bulk-nanomachined diamond cavities, using angle etching approach,
as better suited direction for realization of cavity QED systems based
on NV centers [30]. However, the relatively low density of our
optimized dosage requires the mapping of NV centers in the beams
with subsequent alignment and cavity formation around the found
NV centers in PMMA slab cavities [188].
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Diamond nanowires for improved
collection eﬃciency of photons
To achieve eﬃcient extraction of single photons from an NV center,
we ﬁrst consider a nanowire structure made from bulk crystal [72],
[11] (Fig. 16). The development of a robust light source that emits
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Figure 16: Cartoon of diamond nanowires containing NV centers.
one photon at a time will enable new technologies such as perfectly
secure communication via quantum cryptography [21]. Devices based
on ﬂuorescent dye molecules [112], quantum dots [52], and carbon
nanotubes [83] have been demonstrated, but none have combined a
high single photon ﬂux with stable, room-temperature operation.
Luminescent centers in diamond [2, 20, 64, 101, 174] have recently
emerged as a candidate for these applications, and the remarkable NV
center additionally possesses spin quantum bits with optical read-out
[13, 50, 90, 121, 129, 138]. In this chapter, a single photon source
composed of an NV center in a diamond nanowire overcoming this
limitation is reviewed. The device produces ten times greater photon
ﬂux than a bulk diamond, while using ten times less power. This
result enables a new class of devices for photonic and quantum
information processing based on nanostructured diamond, and could
have broader impact in nanomechanical systems (NEMS), sensing,
and scanning probe microscopy.
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4.1 Design and Modeling
Figure 17: Field proﬁle of the E-ﬁeld’s radial component (Er) in the case
of a 2m long, 200 nm diameter diamond nanowire (left) and a bulk dia-
mond (right). The dipole is polarized parallel to the interface, emitting at
 = 637 nm (zero-phonon line wavelength of NV center). The fundamental
nanowire waveguide mode (HE11) (inset) is the dominant decay channel for
the nanowire case.
First, we studied the emission from an NV center (modeled as a
dipole) in a diamond nanowire using FDTD simulations. We assume a
circular cross section of the nanowire with a diameter d, and consider
the two general polarization scenarios for a dipole/nanowire system:
dipole polarization perpendicular (s-polarized) and parallel
(p-polarized) to the nanaowire axis. The dipole associated with an
NV center in (100) diamond can be represented using a combination
of these two dipoles, since it is polarized in the (111) plane. At
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diﬀerent wavelengths within the NV center’s radiation spectrum
(637 nm  780 nm), the number of collected photons per second can be
expressed as  ()  () where   is the emission rate (reciprocal to the
lifetime) and  the collection eﬃciency. The collection eﬃciency can
be dramatically improved in diamond nanowires compared with bulk
diamond, as demonstrated in Figure 17. These ﬁeld proﬁles show that
the major portion of light emitted from an NV center in bulk
diamond leaks to the substrate due to signiﬁcant total internal
reﬂection at the diamond-air interface, whereas in a diamond
nanowire the fundamental HE11 mode is the dominant emission
channel for a dipole polarized perpendicular to the nanowire axis (in
the xy plane) 17 (inset) [61]. This waveguide mode directs the light
propagating in the nanowire, and is scattered vertically as it
approaches the top nanowire facet. This process allows for eﬃcient
collection using an objective lens positioned above [119].
In Figure 18(a) we show the coupling eﬃciency, , between NV
center and nanowire waveguide mode as a function of the nanowire
diameter, for wavelength  = 637 nm. It can be seen that, in the case
of s-polarized dipole, more than 80% of emitted photons can couple to
a nanowire mode for a broad range of nanowire diameters
(180 nm  230 nm). We choose to work with 200 nm diameter
nanowires in order to optimize the coupling eﬃciency. Photon
collection eﬃciencies can be quantiﬁed from the far-ﬁeld proﬁle of
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power emitted from the top nanowire facet, shown in Figure 18b and
c. An objective lens with a numerical aperture NA=0.95, positioned
above the nanowire, can collect light emitted into the solid angle of
72  (represented by shaded areas in the far ﬁeld emission proﬁles). It
can be seen that in the case of both s- and p-polarized dipoles, 100%
of photons emitted from the nanowire can be collected with the lens.
It is interesting to note that this is true even for a p-polarized dipole
despite the fact that it cannot couple to the nanowire waveguide
mode due to the symmetry mismatch. In this case, however, the large
collection eﬃciency is enabled by coupling to radiative and leaky
modes that are also modiﬁed by the presence of the nanowire. Finally,
comparing a dipole in a nanowire (red line in ﬁgures 18b and c) with
a dipole in a bulk diamond crystal (blue line), we ﬁnd that nanowire
geometry provides one and two orders of magnitude improvement in
the collection eﬃciency in the case of s-polarized and p-polarized
dipole, respectively.
We also evaluated the total emission rate (the reciprocal of lifetime)
of an NV in a nanowire, and found that it is dependent on the NV’s
position: Fabry-Perot resonances, formed due to the (weak) reﬂection
of a waveguide mode from the nanowire’s facets, can modify the
emission rate of s-polarized dipole. We introduce the enhancement
(Purcell) factor FP () =  NW () 0() where  0 is the emission rate of the
quantum emitter in a homogeneous diamond medium. It describes the
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modiﬁcation of the NV center ﬂuorescence lifetime in a nanowire
(NW = 1= NW ) compared to the bulk (bulk = 1= 0). For  = 637 nm
and d = 200 nm, the enhancement factor is in the range of 0:65  1:10,
depending on the dipole position along the nanowire positions. It is
interesting to note that the collection eﬃciency for s-polarized dipole
is maximized (Figure 18b) when destructive interference occurs
between downward emitted photons and photons reﬂected from the
top nanowire facet (Figure 17). This case favors an upward emission
at the expense of slightly increased radiative lifetime.
Figure 18: (a) Coupling eﬃciency  as a function of the nanowire diam-
eter at  = 637 nm. The dipole is assumed to be placed at the center of
the nanowire with a polarization parallel to the interface. (b) and (c): The
far-ﬁeld proﬁle of power emitted from a (b) s-polarized (perpendicular to the
nanowire) and (c) p-polarized (parallel to the nanowire) dipole embedded at
the center of a nanowire with d = 200 nm. Blue lines, in both (b) and (c),
show far-ﬁeld proﬁles of emitter embedded in the bulk diamond crystal. The
shaded areas denote the light that can be collected using an objective lens
with an NA of 0:95. Calculated values of collection eﬃciency  for nanowire
and bulk, for both polarizations, are also indicated.
To take into account wavelength and polarization dependence of
parameters FP and , they were averaged over the room temperature
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NV center ﬂuorescence spectrum I() =  0, as well as over the (111)
plane of a (100) diamond crystal in which NV dipole resides. The
total number of collected photons is obtained by averaging over
wavelengths and polarizations, by using following (unitless) ﬁgure of
merit
Z =
R R
FP (; )(; ) 0()dd
2
R
 0()d
(4.1)
where  denotes the polarization angle.
Using this ﬁgure of merit, we ﬁnd that nanowire geometry provides
an order of magnitude improvement (Z  30%) over the bulk
diamond case (Z  3:3%). We note that FP and  are sensitive to
radial and axial position of an NV center within a nanowire due to
the Fabry-Perot resonances formed between the nanowire facets.
4.1.1 Device fabrication and experimental setup
To conﬁrm our predictions in experiment, we fabricate arrays of
nanowires with the designed geometrical parameters. The fabrication
is similar as presented in section 3 and depicted in ﬁgure 19a. Brieﬂy,
EBL is used to deﬁne the etch mask in HSQ. The mask is then
transferred into diamond using an ICP RIE with an oxygen-based gas
chemistry. The etch consists of a 3-step or 4-step process where the
Bias or ICP power is varied with time if vertical nanowires are
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intended. For example, for 2m tall wires, for the ﬁrst 2min, 700W
ICP power is applied, then 3min of 600W ICP power, and ﬁnally
5min of 1000W ICP power. A SEM image of an array of fabricated
devices is presented in Fig 19b. The nanowires have diameters of
 200 nm and height of 2m to meet the modeling predictions.
Synthetic type Ib HPHT (Element Six) and CVD grown type IIa
electronic grade diamonds have been used. These samples respectively
contain naturally occurring NV centers, created during the diamond
synthesis process, and NV centers created via ion implantation[73].
To characterize our devices, we used a confocal microscope (Fig.
19c) with a 0.95 N.A. air objective, resulting in a collection half-angle
of 72 . This allows for ideal isolation of a single photon emitter by
exciting and collecting emitted photons from a small focal volume
(0:25  0:5m3). Such a conﬁguration is suitable for characterizing
NV centers in a bulk substrate, as well as in nanowires, and allows for
fair comparison between the two geometries. The devices are mounted
on a scanning piezo-stage, and a green laser (532 nm) is used to excite
the devices. Emission from the NV centers is transmitted through the
dichroic mirror, then ﬁltered with a long-pass ﬁlter (630 nm) to
remove both the excitation light and diamond Raman signal, and
ﬁnally detected using avalanche photo-diodes (APD) [11]. This allows
us to obtain the luminescence image of our sample (Fig. 19e). To
bleach residual background ﬂuorescence typically found after the
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oxygen RIE process, the arrays were scanned slowly with a green laser
at a few mW. We note that all measurements of optical devices
discussed in this chapter were performed at room temperature.
4.1.2 Autocorrelation function measurement
The emission characteristics of single NV centers embedded in the
bulk are compared to those in nanowires. In both cases the presence
of a single emitter can be inferred by measuring its second order
photon correlation function using the Hanbury Brown Twiss (HBT)
conﬁguration [28]. In the measurement, the photon stream is divided
using a beamsplitter (ﬁber beam splitter in this case), directed to two
APDs (Fig. 19c), and the delay between the arrival time of photons is
recorded. The ﬁnite lifetime of the NV center results in the time delay
between photon emission events. Therefore, within one emission
lifetime, only one photon can be present in the stream, and only one
of the APDs can register photon arrival. Hence, the intensity
correlation function, deﬁned as
g(2)() =
hI( + t)I(t)i
hI(t)i2 (4.2)
where  is the delay time, is 0 for a perfect single photon ﬂux at  = 0
(called photon antibunching). Residual background that impinges on
the APDs results in g(2)(0) > 0 and a true single photon source has
g(2)(0) < 0:5 as upper bound in the absence of an additional emitter
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[94]. The width of the dip at zero delay carries information on the
emitter’s lifetime and provides a way to measure the lifetime without
a pulsed laser source for pump powers below saturation [11]. Away
from the dip the photon statistics are Poissonian and result in
g(2)() = 1. The inset of ﬁg. 19b shows the pronounced signature of a
single photon correlation for an NV center in a nanowire below
saturation pump power. Additionally, the g(2) function has been
evaluated at diﬀerent pump levels below and above saturation (Fig.
20a-c). A long-lived intermediate shelving state of the NV center
gives rise to g(2)() > 1 in the vicinity of the dip under high pump
powers, a phenomenon called bunching [101]. In addition, the main
features of the level crossing system that lead to the polarization
mechanism of the ms = 0 sublevel of the triplet ground state and the
spin-dependent ﬂuorescence rate [117] remain unchanged after
nanostructuring. This was conﬁrmed by standard electron spin
resonance (ESR) and Rabi measurements (data not shown).
Additional information about the optical properties of an NV
center in a diamond nanowire may be obtained by triggering the
emission of single photons. We have constructed a versatile pulsed
excitation system for this task. Ultrafast (200 fs) pulses generated by
a Ti:Sapphire (Coherent Mira 800-F) laser were used to generate
supercontinuum white light in a photonic crystal ﬁber (Newport,
SCG-800). A pump wavelength of 800 nm maximized the overall
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spectral density at green wavelengths, which was then isolated using
band-pass ﬁlters in the 510  540 nm wavelength range (Semrock),
collected with an optical ﬁber, and used as an excitation source for
our confocal microscope. Since the radiative rate of an NV center in a
diamond nanowire (60  80MHz) is comparable to the fundamental
repetition rate of the Ti:Sapphire pulse train (76MHz), an
electro-optic modulator (ConOptics, Model 350) was used to reduce
the repetition rate to 10:8MHz prior to launching in the photonic
crystal ﬁber. We used this excitation scheme to observe the full
temporal dynamics of the diamond nanowire ﬂuorescence (in this case
for implanted NV centers). Pulsed intensity auto-correlation
measurements show a series of spikes in coincidence counts at times
separated by an integer number of laser repetition cycles (Fig. 20d).
Strong suppression of the central peak g(2)(0)  0:16 is observed at a
pump power of 65W, which is consistent with the extent of the
photon anti-bunching observed using CW excitation.
4.1.3 Evaluation of overall device performance via sat-
uration measurements
The overall performance of single NV centers is appraised in their
saturation behavior and is statistically compared to that in bulk.
Intrinsically, a quantum emitter’s emission intensity I levels oﬀ after a
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certain pump level Psat according to [101]
I(P ) =
Isat
Psat=P0 + 1
(4.3)
where Isat and P0 are the saturated emission intensity and pump
power respectively. Psat and Isat were extracted from a measurement
of the device count rate for diﬀerent pump powers. For a
representative bulk NV device, Isat = 21 2 kCPS and
Psat = 990 540W. The result for a typical nanowire device is
Isat = 168 37 kCPS and Psat = 58 37W. This corresponds to
 2:5  10 4 collected photons per NV center lifetime in the bulk
device and  2:5  10 3 in the nanowire antenna. Factors such as
optical cycling through the metastable shelving state, and more
importantly losses in the optical system used in the experiment, are
the reason that the absolute photon counts measured in our devices
deviate from the theoretical predictions. However, relative comparison
between photon counts obtained from diamond nanowire and bulk
diamond is insensitive to these imperfections and Fig. 21 shows
saturation intensity levels versus saturation pump powers for several
single emitters in nanowires compared to bulk. The nanowire
eﬃciently funnels light to- and from the NV center, resulting in a
ten-fold improvement in saturation count level at one-tenth of the
saturation pump power required in the bulk. The enhancements in
excitation and extraction conﬁrm the predictions from FDTD
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modeling. Similar count rates have been predicted and measured with
SILs, which also enhance photon collection eﬃciency by overcoming
TIR [70]. In addition to the characterization of NV centers, diamond
nanowires have been also made in substrates containing SiV centers in
collaboration with the Becher group. Furthermore, the oxygen
environment in the RIE process might have assisted the generation of
a new, oxygen related defect center in diamond, which has been
characterized in the Wrachtrup group. However, the origin of the
defect is still not clear [106].
4.1.4 Implanted nanostructures
Two diﬀerent approaches in the characterization of implanted NV
centers in diamond nano devices have been pursued: 1) Devices (in
this case small nanoposts) are fabricated after implantation of
Nitrogen ions, while in method 2) devices (nanowires) are fabricated
prior ion implantation.
Small nanoposts have been fabricated in an implanted high quality
electronic grade type IIa CVD diamond (Element 6) with low
(< 5 ppb) background Nitrogen content. The sample was implanted
with 15N ions at an energy of 14 keV and a dosage of 1:25  1012 cm 2.
Stopping Range of Ions in Matter (SRIM) calculations project a
Nitrogen layer 20 nm below the diamond surface. Next, the sample
was annealed at 750 C for 2 hours in high vacuum (< 10 6Torr) to
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mobilize vacancies and generate a shallow layer of NV centers.
Following the method presented in chapter 3 arrays of 200 nm tall
posts with 65 nm radius were fabricated. Ten of the seventeen devices
that we tested showed strong photon anti-bunching. The other seven
devices were characterized by 0:5 < g(2)(0) < 0:7, which is consistent
with the presence of two or three NV centers in the device. Since at
least ten of the one hundred total devices in this particular array
contained a single NV center, this combined implantation and
fabrication routine may be implemented with a high yield (>10%)
operating in the single photon regime. Our high-throughput
fabrication technique can generate many more devices than can be
tested in serial with the standard confocal microscope system. This
suggests the future need to develop automated characterization tools
or wide-ﬁeld microscope approaches that optically address many
devices in parallel.
Next, we modify the approach slightly and implant single NV
centers in diamond nanowire antennas. The diamond nanowires were
then implanted with 15N at 1:7MeV and 1  109 cm 2 dosage and
annealed in the same conditions as noted above. SRIM calculations
indicate that this produces a layer of NV centers 1m below the
diamond surface. A relatively low yield of nanowires containing a
single NV center was found, which can be attributed to a) the lower
dosage used compared to the previous sample but b) also the reversed
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technique.
Photon antibunching in the nanowire ﬂuorescence g(2)(0)  0:06
was possible without background subtraction, which represents a
5-fold reduction compared to nanowire devices demonstrated in type
Ib material. Contributions to the nanowire ﬂuorescence come from
single photons, S, that lead to non-classical correlations at zero time
delay, as well as background ﬂuorescence, B, emitted with Poisson
statistics that reduces the observed contrast. For a given pump
power, the relative contributions of S and B to the total ﬂuorescence
are encoded in the anti-bunching contrast according to [20]
g(2)(0) = 1  2, where  = S=(S +B). We therefore measured both
the total number of photon counts per second from the nanowire as
well as g(2)(0) for diﬀerent pump powers P (Fig. 22a). The results are
in good agreement with theoretical predictions (dashed line). The
saturation curve for this device demonstrates that an implanted
nanowire may act as a high-ﬂux single photon source (Fig. 22b). The
maximum possible number of photons collected per second was
Isat = 304; 000 and the pump power scale to saturate the NV center
emission was Psat = 0:34mW.
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4.1.5 Lifetime evaluation
The ﬂuorescence lifetime of a color center in the diamond nanowire
gives an upper bound on the number of single photons that may be
collected. Lifetimes of single NV centers in nanowires have been
extracted from the g(2)() statistics as well as by pulsed excitation. In
the former method, the lifetime is encoded in the temporal width of
the autocorrelation data, whose exponential decay is of the form
exp ( (r +  )j j) for low pump powers [20, 101]. Here, r is the pump
rate,   = 1=NW is the NV center decay rate, and NW is the NV
center lifetime in the nanowire. The overall decay rate r +   was
measured at diﬀerent pump powers and observed to decrease linearly
at low pump powers (Fig. 23a, here for natural NV centers in type Ib
material). The lifetime of six diﬀerent nanowire devices was observed
to be in the range 14:6 1:9 ns, which is slightly longer than the
lifetime of an NV center in a bulk material as expected. A similar
lifetime was extracted for both natural as well as implanted NV
centers compared to  11 ns in the bulk material [11, 73] and 25 ns in
nanocrystals [20]. The ﬂuorescence lifetime of an NV center in
diamond nanowire is expected to be intermediate between bulk
diamond, where the NV center lifetime is short due to the large
background refractive index (n  2:4), and an NV center in a
diamond nanoparticle, which resembles a dipole in air (n  1) [61].
Additionally, we were able to make a direct measurement of the
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exponential decay of the nanowire ﬂuorescence after pulsed excitation
(Fig. 23b). A ﬁt was obtained from a bi-exponential function using a
fast time constant bg = 1:5 ns , which corresponds to the decay of the
background ﬂuorescence, and a slow time constant NV = 13:7 ns,
which corresponds to the ﬂuorescence decay of the NV center in the
nanowire.
4.2 Conclusion and applications of diamond nanowires
In this chapter, the design, fabrication and characterization of
diamond nanowires has been reviewed. The large scalability,
combined with the option of ion implantation or integration of
diﬀerent defect centers as well as transferability make this device a
promising candidate for numerous applications.
4.2.1 Transfer of wires
Extending their use as a substrate based device, transferring wires is
advantageous in several ways:
• The collection eﬃciency of photons potentially further increases,
especially if the out coupling nanowire tip is tapered.
• The wires could be used for applications in biosensing where
huge amounts of wires are necessary to feed fruitﬂies.
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• Their integration as tips for e.g. sensing, electron ﬁeld emission
or robust scanning tip is imaginable.
In addition to earlier attempts to transfer wires, as outlined in my
diploma thesis, we pursued a technique where the wires would be
transferred within a UV curable epoxy and hence be embedded
vertically in the epoxy. First results in this regard can be seen in
ﬁgure 24. The sample is ﬁrst embedded in UVO 114 epoxy, and cured
in UV light for 20min. The sample is then ”knocked oﬀ” the epoxy
and leaves a mold therein (Fig. 24a). The arrays of wires can be seen
in the epoxy (Fig. 24b) as well as transferred wires (Fig. 24c). It was
conﬁrmed that the majority of wires were removed from the diamond
sample.
4.2.2 Magnetometry and sensing
Room temperature applications such as magnetometry and near-ﬁeld
sensing can potentially beneﬁt greatly from the brightness of
nanowires (over e.g. nanodiamonds, which are about an order of
magnitude less bright [20]) . For example, the nanowire antenna eﬀect
has been employed to realize a scanning near ﬁeld and magnetic ﬁeld
sensor [116]. The nanowire is made on a diamond cantilever carved
from a thin ﬁlm diamond slab (50m) in a deep dry etch and optical
characterization is performed from the cantilever side which is
advantageous in terms of collection eﬃciency (Fig. 25). Here, a
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magnetic ﬁeld sensitivity of 56 nTp
Hz
was established for 10 nm deep
implanted NV centers at the tip revealing long spin coherence times
up to 75s. The NV center at the tip can also be used as optical
near-ﬁeld sensor and a spatial resolution of down to 20 nm has been
observed.
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Figure 19: Eﬃcient and scalable single photon sources based on diamond
nanowires: (a) Fabrication schematic shows spin-on-glass resist deposition,
deﬁnition of an etch mask using e-beam lithography, transfer of the mask into
the diamond via an oxygen reactive ion etching step and removal of remaining
mask using HF. (b) SEM image of arrays of 2m spaced diamond nanowires
with 2m height and 200 nm diameter. Inset: A second order correlation
function shows a pronounced dip at zero delay indicative of single photon
emission for an NV center in a diamond nanowire [73]. (c) A schematic of
a confocal microscope setup used to characterize nanowires. (d),(e) For visu-
alization a (graphically rotated) confocal scan of diamond nanowires is shown
in (e).
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Figure 20: a-c The presence of a single quantum emitter in the diamond
nanowire is revealed by the second-order autocorrelation function g(2)().
The dramatic decrease in the number coincidence counts at zero time de-
lay (g(2)(0) < 0:5) indicates that photons from the nanowire device are
anti-bunched. Qualitatively diﬀerent dynamics are observed at diﬀerent ex-
citation powers: (a) 11W below saturation, (b) 190W near (but above)
saturation, and (c) 1:6mW above saturation. At high pump powers, cou-
pling to the metastable shelving state is signiﬁcant and results in bunching
shoulders (g(2)() > 1) at intermediate times. Red curves in (a) and (b) are
ﬁts using a three-level model of the g(2)() function [101]. d Photon anti-
bunching measurement of a diamond nanowire using pulsed excitation (65W
average pump power). Strong suppression of the central peak at zero delay
g(2)(0)  0:16 is observed without background subtraction. Raw data (black)
and theoretical ﬁt (red) are shown.
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Figure 21: Comparison of saturation parameters of the emitter in bulk dia-
mond versus diamond nanowire. The coupling between the emitter and the
waveguide mode provides a ten-fold improvement in the excitation and photon
collection eﬃciencies [11].
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Figure 22: (a) g(2)(0) as a function of pump power. Dashed curve is the
expected level of coincidence counts 1   2 based on the measured satura-
tion data (not shown), where  = S=(S + B), S is NV center single photon
count rate, and B is background ﬂuorescence count rate. (b) Total nanowire
ﬂuorescence from the same device is presented in red, the background ﬂuo-
rescence obtained from contrast in photon anti-bunching data in part (a) is
shown in blue, and the remainder of the net single photon counts from an
embedded NV center is shown in black. A ﬁt of the NV center ﬂuorescence
to the saturation model is given by the dashed black line. Pump power was
measured before the microscope objective.
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Figure 23: (a) The decay rate of the g(2)() spectrum measured for diﬀerent
excitation conditions gives the ﬂuorescence lifetime in the limit of zero pump
power [20] (for natural NV centers in this case). This extrapolation yields a
lifetime of  = 14:0 ns for this NV-nanowire system, which is slightly larger
than that of bulk material (11:8 ns). This suggests slight suppression of emis-
sion in nanowire, consistent with our numerical model. Error bars represent
1 ns 1 standard error in the decay rate ﬁtting parameter. (b) Measurement
of the ﬂuorescence lifetime via ﬂuorescence decay is shown in black (14W
average pump power) for implanted NV centers. The red line corresponds to
a bi-exponential ﬁt to the ﬂuorescence decay with time constants bg = 1:5 ns
for background ﬂuorescence and NV = 13:7 ns for the NV center ﬂuores-
cence.
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Figure 24: (a) A mould of the rectangular diamond sample is formed in
epoxy. (b) Magniﬁed view of the mould shows an imprint of the nanowire
arrays. (c) An arrays of transferred nanowires in and sticking out of epoxy.
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Figure 25: An all-diamond magnetometer and near-ﬁeld sensor based on a
diamond nanowire on a diamond cantilever (as indicated by red-colored parts)
which itself is attached to an AFM tip. A shallow implanted NV center at the
tip of a nanowire is used as a sensitive sensor to image magnetic ﬁelds [116].
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A diamond with a ﬂaw is worth more than a peb-
ble without imperfections.
Chinese proverb
5
Enhanced NV center spontaneous
emission in diamond-silver apertures
A complementary approach to improving the single photon yield of a
solid state quantum emitter like the NV center is to enhance the
photon production rate and control the NV center’s emission behavior
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via the Purcell eﬀect, by coupling the color center to a host cavity.
Metallic nanocavities [51] are attractive in this regard since they
provide strong localization of optical modes with fairly broad
bandwidths [29, 115, 155]. An interacting emitter then experiences
varying degrees of modiﬁcation in its spontaneous emission rate,
depending on the overlap in its position, spectrum, and polarization
with those of the cavity system (Sec. 2.1.2). The combination of
top-down nanofabrication and ion implantation makes it possible to
engineer the emitter-cavity interaction in a diamond-plasmon system
for many devices in parallel [38]. Subwavelength metallic apertures
containing individual color centers can be realized by fabricating
arrays of diamond nanoposts on a single crystal diamond that has
been implanted with a blanket layer of NV centers. The diamond
nanoposts are ﬁnally embedded in a silver (Ag) ﬁlm and optically
addressed through the bulk diamond crystal. However, the
nanostructures have been studied before and after Ag deposition. The
NV center’s emission is quenched in the bare posts (without silver
present) leading to long lifetimes of up to 47 ns. Time-resolved
photoluminescence measurements on diamond nanoposts after Ag
deposition indicate that coupling to the plasmonic cavity has resulted
in shortening of the emitter lifetime for single NV centers. Lifetimes
as short as 2:4 ns are observed in the 90 nm implant sample,
corresponding to more than a six-fold enhancement in spontaneous
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emission rate in comparison to the bulk value. The enhancements in
the spontaneous emission rate are accompanied by comparable
increases in the single photon count rate, which is conﬁrmed by
saturation measurements.
Figure 26: Cartoon of the plasmonic resonator studied in this chapter.
5.1 Design and fabrication
In this work, we present a high-yield approach to directly embed
single NV centers into metallic nanostructures which leads to
spontaneous emission lifetime reduction of the enclosed NV centers.
Speciﬁcally, we consider plasmonic apertures (Fig. 27a), consisting of
70
db
a x
c
y
z
Diamond
Ag
NV
YZ XY
100nm100nm
R = 50nm
R = 55nm
R = 65nm
Figure 27: (a) Three-dimensional schematic of the diamond-plasmonic sys-
tem. The idealized structure for coupling to the NV emission consists of a
diamond nanopost (with height 180 nm and diameter 100 nm) embedded
in a 500 nm-thick layer of silver (Ag). NV ﬂuorescence is excited and col-
lected through the bulk part of the diamond sample (green and red arrows,
respectively). (b) Cross-sectional view of the structure along either the XZ
(or YZ) plane, plotted with the longitudinal mode proﬁle. The dipole is shown
to be radially polarized and positioned in the center of the structure, where
ﬁeld density is maximized. As in a Fabry-Perot resonator, light reﬂects oﬀ the
diamond-metal interfaces (curved arrows) and becomes tightly conﬁned in the
nanoposts. (c) Simulated lateral (XY) mode proﬁle shows a near-uniform en-
ergy distribution of the plasmonic mode. (d) Simulated spontaneous emission
enhancement as a function of wavelength for nanoposts with diﬀerent radii,
calculated by placing the dipole at the ﬁeld maximum.
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cylindrical diamond nanoposts (radius r = 50 nm, height h = 180 nm)
surrounded by silver (Ag). These structures support modes with
mode volumes as small as 0:07 (=n)3 and can provide good spatial
overlap between the highly localized optical ﬁelds and enclosed dipole
due to nearly uniform ﬁeld distributions in the transverse direction
(Figs. 27b-c). This results in the enhancement of the spontaneous
emission (SE) rate of the dipole.
The SE rate enhancements for our structures were calculated with a
three-dimensional ﬁnite-diﬀerence-time-domain (3D FDTD) solver
using a classical approach [29] by comparing the total power emitted
from a dipole when it is placed inside the aperture to the total power
emitted in a homogeneous medium. The simulations were performed
with measured parameters from Johnson & Christy (1972) [92] and
take into account material losses in the silver. The theoretical SE rate
enhancement spectrum, plotted in ﬁgure 27d for aperture radii of
r = 50 nm, r = 55 nm, and r = 65 nm, exhibits a broad resonance that
red-shifts with increasing radius and can therefore be tailored to
overlap with the NV emission while keeping the height of the structure
constant [29]. Based on our simulations, SE rate enhancements on the
order of 30 can be expected for a radially polarized NV center placed
at the maximum ﬁeld intensity in an optimized structure.
The hybrid diamond-metal device, depicted in ﬁgure 27a, was
realized using a combination of blanket ion implantation and
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top-down nanofabrication techniques [11, 72, 73] (Fig. 28a). Two
ultrapure bulk diamond crystals (type IIa, Element 6) were used for
this experiment. Arrays of nanoposts used in this experiment were
fabricated on the electronic grade diamond samples that were
implanted with nitrogen ions (at an energy of 14 keV and a dose of
1:25  1012 1=cm2 for the 20 nm-implant, and at 75 keV and
1:5  1011 1=cm2 for the 90 nm-implant) and subsequently annealed
under high vacuum (< 10 6Torr) at 750 C (20 nm) and 800 C
(90 nm) for 2 hours to generate a layer of NV centers approximately
20 nm and 90 nm below the diamond surface. Arrays of diamond
nanoposts of radii from r = 50 nm to r = 70 nm and height 180 nm
were then fabricated using EBL followed by an oxygen ICP RIE (Fig.
28b). We have previously shown [73] that such a procedure can result
in a high yield (>10%) of single-center devices. The nanoposts were
ﬁnally embedded in a 500 nm-thick Ag ﬁlm that was deposited by
electron beam evaporation (Denton). For the 90 nm-implant sample, a
2 nm-thick evaporated layer of Ti was added before the Ag deposition.
The thickness of the Ag layer was chosen to ensure that the diamond
nanoposts were fully covered and to minimize oxidation of Ag at the
device layer.
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5.2 Results
In order to rigorously quantify the eﬀect of the plasmon cavity on
single NV centers, we identiﬁed bare nanoposts containing single NV
centers and compared their emission properties before and after Ag
deposition for the 20 nm-implant sample. These optical
characterizations were performed under ambient conditions using a
home-built confocal microscope with a modest numerical aperture
(N.A.=0.6) and long working distance (WD=4mm), which allowed us
to optically access plasmonic nanostructures through the 500m-thick
bulk diamond material (Fig. 28c). For the autocorrelation and
saturation measurements, a continuous-wave 532nm laser was used for
excitation and focused through the diamond sample onto individual
posts using an air objective (Olympus LUCPlanFLN 40x, N.A. 0.6),
while both the incoming and collected signals were scanned by a
steering mirror (Newport). Emitted light collected by the objective
passed through a dichroic mirror and was then spectrally and
spatially ﬁltered using bandpass ﬁlters (650-800nm) and a single mode
ﬁbre (2x2 coupler, Thorlabs) before being sent to avalanche
photodiodes (Perkin Elmer) for photodetection and measurement of
photon statistics. Spectral data were acquired using a grating
spectrometer (Jobin Yvon iHR550, 76mm x 76mm monochromator
with 150 g=mm gratings).
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A comparison between confocal scans taken on an array of
r = 65 nm posts before (Fig. 27d) and after (Fig. 28e) Ag-deposition
under identical experimental conditions indicated enhancement of
light emission by the nanoposts in the presence of Ag. The nature of
photon emission was then further characterized by autocorrelation
measurements to determine photon statistics and triggered
ﬂuorescence decay measurements [73] to extract lifetime information.
5.2.1 Statistics on single photon emitters
For the 20 nm-implant sample, we tested a total of 65 Ag-embedded
nanoposts of radii 50 nm and r = 65 nm and measured each enclosed
emitter’s autocorrelation function, g(2) (see equation 4.2) as a function
of time delay,  , in a Hanbury Brown and Twiss experiment [94]. Of
these, ﬁve devices exhibited single photon character with g(2) < 0:5
(Fig. 29, from the circled post in Fig. 28e). No background
subtraction was performed in all data presented. In addition to the
preservation of non-classical behavior, we observed signiﬁcant
narrowing of the anti-bunching dips in comparison to those taken of
nanoposts prior to Ag deposition at the same excitation power (Fig.
29a), which suggests an enhancement of the spontaneous emission
rate due to the plasmonic cavity. However, this comparison does not
take into account possible changes in the excitation rate of the NV
center due to the presence of Ag and so quantitative comparison of
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Figure 28: (a) Illustration of the fabrication procedure: (i) resist spinning on
bulk diamond after nitrogen implantation and annealing, (ii) mask deﬁnition
via e-beam lithography, (iii) pattern transfer to the diamond substrate in an
oxygen-based RIE, and ﬁnally (iv) capping of the shallow implanted diamond
posts in Ag (after resist removal). Optical characterization was performed
both after step (iii) and (iv) on the same set of posts to measure the extent
of plasmonic enhancement. (b) Scanning electron microscope image of a rep-
resentative array of diamond posts after step (iii) in ﬁgure 28a. (c) Schematic
of the experimental conﬁguration for sample characterization. (d)-(e) Confocal
microscope scans of the same array of r = 65nm posts before ((d)) and after
((e)) Ag-deposition under identical pump power. The circled post represents a
plasmon-enhanced device containing a single NV center. The spacing between
adjacent posts is 2m.
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the spontaneous emission rates would be later performed via lifetime
measurements. Another 13 devices showed some degree of
anti-bunching with 0:5 < g(2) < 1 , although many of these had
previously exhibited single photon emission in the absence of Ag. The
reductions in g(2) contrast in these cases may be due to
plasmon-enhanced background ﬂuorescence from the Ag ﬁlm. Indeed,
this background luminescence was observed in spectrally resolved
photoluminescence measurements performed on an ￿empty￿ aperture
(without NV center). In order to improve the quality of our Ag ﬁlms,
we used a titanium (Ti) adhesion layer (of 2 nm thickness) between
diamond and Ag in the 90 nm-implant sample.
5.2.2 Emission behavior comparison
The SE rate enhancement was investigated by time resolved
photoluminescence measurements. Pulsed excitation was used to
trigger an exponentially decaying ﬂuorescence signal from which the
lifetime information was extracted. Pulsed excitations were generated
by passing ultrafast (200 fs) pulses at 800 nm from a Ti-Sapphire laser
(Coherent) through a photonic crystal ﬁbre (Newport). The resulting
supercontinuum white light was spectrally ﬁltered using bandpass
ﬁlters between 510 and 540 nm (Semrock) to generate green pulses.
For lifetime measurements requiring longer time periods between
pulses, the 76MHz repetition rate of the Ti-Sapphire pulse train was
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reduced to 10:8MHz using an electro-optic modulator (ConOptics)
prior to launching into the photonic crystal ﬁbre. All time-correlated
measurements were performed using a time correlated single
photon-counting module (PicoHarp).
The ensemble averaged lifetime of the densely populated NV
centers in an unstructured area on the 20 nm-implant sample was
measured to be 16:7 0:5 ns, while the bare posts (without Ag)
exhibited quenched NV emission leading to much longer lifetimes,
with average values of 33:3 7:5 ns for r = 65 nm and 38:3 7:3 ns for
r = 50 nm nanoposts containing single NV centers (Fig. 30).
Additionally, the longest lifetime we measured in the bare nanoposts
is 47:57 1:1 ns, suggesting that such a system could be advantageous
for experiments requiring prolonged excited states [63]. The increase
in lifetime with decreasing post radius is due to the reduced density of
states for the radiative transition as a result of the nanostructuring
[34] and corroborates FDTD simulations based on measured post
dimensions. Our calculations also indicate that the nanopost
geometry leads to quenching of spontaneous emission for both the
radial and axial components of the dipole, although the dominant
contribution to the collected photons is the radial polarization. After
Ag deposition, lifetimes of the NV centers implanted at 20 nm were
shortened by maximum factors of 6.6 for r = 65 nm posts and 4.8 for
r = 50 nm posts and were observed to be as short as 5:2 ns. For the
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90 nm-implant sample, lifetimes as short as 2:4 ns were measured,
corresponding to roughly a 6-fold decrease over the bulk lifetime. A
comparison of ﬂuorescence decays measured for a representative
device before and after Ag deposition is shown in ﬁgure 31a. The
spontaneous emission rate enhancement is accompanied by an
increase in the count rates which can be observed in saturation
measurements. For direct comparison, we examined one set of
measurements on the same 50 nm-post before and after Ag deposition.
In this case, we found that the bare and Ag-enhanced saturation
intensities (and lifetimes) are (6:1 0:2)  103 cps (42:4 0:8 ns) and
(4:4 0:2)  104 cps (9:26 0:1 ns), respectively. Therefore, the
enhancements in spontaneous emission rate and ﬂuorescence intensity
are respectively 4.6 and 7.3. Since the lifetime reduction was
accompanied by a comparable increase in the photon count rate, the
observed plasmonic enhancement can be attributed to radiative
processes. However, additional factors might be in play which led to a
slight increase in the collection eﬃciency of the Ag-capped device,
such as the out-coupling (scattering) of surface plasmon modes at the
diamond/Ag interface due to the surface roughness of the metal.
In comparison to single NV centers in the bulk measured using the
same low N.A. setup (data not shown), the measured saturation
intensities are roughly 2-3 times higher, with the best 20 nm-implant
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Figure 29: Autocorrelation function for a (a) representative bare nanopost
and (b) Ag-embedded device (circled in ﬁgure 28d) reveal strong anti-
bunching at zero time delay indicating the emission of non-classical light. No
background subtraction was performed. The gray and red curves represent ﬁts
to the g(2) function [101].
diamond-plasmon device (Fig. 31b) saturating at (1:01 0:02)  105 cps
at a saturation power of 1:18 0:06mW. In general, saturation
measurements were diﬃcult to carry out in the shallow-implanted
nanoposts, as photo-ionization of the NV centers could occur at high
excitation powers (P > 2mW), so that the saturation intensities could
only be inferred from ﬁtting to the saturation model. In addition to
TIR at the diamond-air interface, photon losses in the system can be
attributed to the coupling of emitted photons to surface plasmons
which propagate laterally on the diamond-silver surface and could not
be collected. Indeed, FDTD calculations show that only 4-5% of the
emitted photons are captured by the collection optics, which suggests
that further structure optimizations, such as the addition of gratings,
might be necessary to increase the number of collected photons [29].
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Figure 30: Histogram of NV center lifetimes for nanoposts of diﬀerent radii
(r) and implantation depths (z) before and after Ag deposition. The shaded
region represents data points for Ag-capped posts, while the measured bulk
lifetime for NV centers implanted 20 nm below the diamond surface is denoted
with a gray line. The quenching of light emission in the bare nanoposts is due
to the reduced density of states in the nanostructures.
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Figure 31: (a) Normalized ﬂuorescence decays for the same r = 65nm
nanopost, containing a single NV center, before and after Ag-deposition and
for an ensemble population of NV centers in the bulk region, along with ﬁts to
a multi-exponential model (shown in red). The ﬁts yielded time constants for
fast-decaying background ﬂuorescence (< 2 ns) as well as a slower NV pho-
toluminescence (bare: 37:17  0:7 ns; Ag-embedded: 5:65  0:08 ns; bulk:
16:7  0:08 ns). (b) Saturation curve for a Ag-embedded nanopost with an
NV center implanted at 20 nm. The total count rates are represented by blue,
while the background contributions (as measured from an empty post with-
out any NV centers) are denoted black dots. Subtraction of the background
from the total yields the NV emission (red dots), which can be ﬁtted to the
saturation model (solid line). The ﬁtted saturation intensity and power are
(1:01 0:02)  105 cps and 1:18 0:06mW.
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Photoluminescence (PL) spectra taken of the Ag-embedded
nanoposts consisted of the NV photoluminescence and the ﬁrst and
second order Raman signals of diamond (not shown). Resonance
peaks could be observed after subtracting the background PL (from
an empty post) from the plasmon-enhanced NV center PL spectrum.
For the 90 nm-implanted nanoposts shown in ﬁgure 32, the quality
factors are 10, with central peak wavelengths red-shifting from
665:5 nm to 718:9 nm with increasing radius from 50 nm to 70 nm.
The dispersion in resonances between similarly-sized posts
(r = 55 nm) can be explained by the sensitivity of the resonance to
nanoscale deviations in the dimensions of diﬀerent devices (Fig. 27d).
Finally, while their optical spectra have been modiﬁed, the observed
ﬂuorescence was unequivocally assigned to NV center emission using
room temperature, optically detected electron spin resonance (ESR)
measurements [69]. ESR measurements were performed using a
confocal microscope with a 0.8 N.A. objective. Microwaves were
applied using a semirigid coaxial cable which was shorted with a
25m-diameter Au bonding wire loop. The Au wire was approached
from the bottom side of the sample in close proximity of the Ag ﬁlm
(30  40m distance). Bulk Ag has a skin-depth of 1:2m at 2:8GHz
and our 500 nm Ag ﬁlm is therefore largely transparent to the applied
RF ﬁeld. Additionally, the reduced conductivity of the evaporated Ag
ﬁlm further enhances its transparency to microwaves. A Rohde
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Figure 32: Background-subtracted spectra for four diﬀerent devices in the
90 nm-implant sample, along with a reference NV center spectrum taken from
an ensemble of NV centers in a Ag-covered, unstructured region of the sam-
ple. Each solid line represents the ﬁt to the raw data (dots). The r = 50nm
nanopost was integrated for twice as long (120 s). The quality factors corre-
sponding to the ﬁts are roughly between 7 (black curve) and 11 (blue curve),
while the resonance peaks range from 665:5 nm (r = 50nm post) and
718:9 nm (r = 70nm post).
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Schwarz SMB 100A microwave generator was used and the signal was
ampliﬁed with a 30 dB gain in a Minicircuits ZHL-42W.
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Figure 33: Optically detected magnetic resonance (ODMR) spectrum of a
plasmon-enhanced NV center, measured by tuning the microwave source over
the NV center splitting between the ms = 0 and ms = 1 ground state levels
without an external magnetic ﬁeld. The spectrum reveals a characteristic dip
at 2:87GHz and a contrast of 18.3%.
We observed a typical NV-ESR spectrum (Fig. 33) with a dip in
ﬂuorescence at an applied microwave frequency of 2:87GHz. The
characteristic signature corresponds to the zero-ﬁeld ground-state
splitting between the ms = 0 and ms = 1 states (Fig. 1b). Optical
excitation from the ms = 1 state couples more strongly to the
long-lived singlet shelving state and undergoes fewer ﬂuorescence
cycles before doing so. Hence, it ﬂuoresces 20-40% less initially [69],
[89]. The observed ﬂuorescence contrast of 18.3% represents a
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preservation of contrast compared to measurements on bulk NV
centers which suggests the viability of spin systems based on
plasmon-enhanced NV emission, a critical property for both quantum
information and magnetometry is spin coherence, which will have to
be addressed in future experiments. From the contrast in the ESR
dip, one can deduce the average spin polarization populations.
However, the spin coherence time can generally be extended
substantially using dynamical decoupling techniques [42].
Furthermore, ESR techniques allow for electron spin quantum state
read-out [181]. Single-shot read-out measurements have been achieved
on an NV center’s nuclear spin [130] as well as on a multi quantum bit
register consisting of an NV center and nearby Nitrogen atoms [148].
5.2.3 Overall performance
To illustrate the overall performance improvement, we have plotted
the saturation intensity against the lifetime for a number of devices in
the bare and Ag-capped cases at the two implantation depths. Figure
34 shows a signiﬁcant decrease in the lifetimes of the Ag-capped
devices accompanied by an enhancement in photon emission. For our
best 20 nm-deep device, the Purcell enhancement is 6.4 and 3.2 when
compared to average lifetimes in the bare nanopost and unstructured
shallow implanted NV centers, respectively. We have also modeled the
fabricated devices using dimensions obtained from SEM imaging. In
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Figure 34: Performance plot of saturation intensity as a function of ﬂuores-
cence lifetime for the bare and Ag-capped devices we tested for this study,
showing that the plasmonic enhancement provided by the geometry has led to
shorter lifetimes and correspondingly higher count rates.
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addition to the geometry (i.e. truncated conical shapes of the ﬁnished
devices), the modeling took into account the implantation depth and
straggle, as well as the ambiguity in the polarization angle of the
dipole moment arising from phonon mixing due to the [100]
orientation of the diamond crystal plane [62]. From these
considerations, we determined the spectrally averaged minima and
maxima of the SE rate enhancements in the 20 nm-implant sample to
be 2 and 3.6 in comparison to the bulk (shallow-implanted), showing
a good convergence with experimental values. Moreover, the degree of
SE enhancement is maximized when the dipole is placed at the center
of the aperture and drops oﬀ as its axial position deviates from the
ﬁeld maximum and so larger Purcell enhancements (Fig. 27d) are
anticipated with optimized implantation depth. Indeed, devices on
the 90 nm-implant sample show that the NV center lifetime can be
shortened to 2:4 ns, which is roughly a six-fold decrease over bulk
values. Finally, modiﬁed device designs [29] will allow for collimated
emission resulting in larger collection eﬃciencies of emitted photons.
The method presented here provides controlled coupling in a quantum
emitter-plasmonic resonator system, for a large number of devices in
parallel, and has yielded Purcell-enhanced single photon emission of
NV centers. In comparison to existing bottom-up approaches, our
geometry is scalable and can be implemented without
alignment-sensitive procedures. Such diamond-plasmon devices can
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therefore serve as a basis and proof of principle for more complex
diamond-plasmon structures9 that can potentially provide stable and
reliable systems for demonstrating enhanced zero-phonon line (ZPL)
of the NV center, long-range coupling between qubits via surface
plasmons [66], and improved optical readouts for single spin states.
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Diamonds are a girl’s best friend.
Jules Styne
6
Coupling NV centers to integrated
diamond ring resonators
Diamond nanowires and diamond-silver apertures discussed above are
particularly suitable for applications where single photons are
extracted from the chip and coupled to free-space optics. However, for
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many applications, including the realization of scalable quantum
networks it is of interest to keep the photons on-chip and use them to
carry information from one part of the system to another. For these
applications it is of great interest to develop a fully integrated
diamond photonic platform which can be achieved by the generation
of a single crystal diamond-on-insulator material system. In this
chapter, we demonstrate an integrated nanophotonic network in
diamond, consisting of a ring resonator coupled to an optical
waveguide with grating in- and outcouplers. NV centers embedded
inside the ring resonator are used as a source of photons, single
photon generation and routing at room temperature is observed.
Furthermore, we observe a large overall photon extraction eﬃciency
(10%) and high quality factors of ring resonators (3,200 for
waveguide-coupled system and 12,600 for a bare ring).
6.1 Diamond ring resonators as representative
planar network
6.1.1 Fabrication
Our approach involves the fabrication of high quality, low loss ring
resonators directly in SCD thin slabs (type Ib, Element Six) and
follows the approach presented in chapter 3.2.2. Here, high-quality
single-crystal thin slabs < 50m are placed on a low-index substrate,
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Figure 35: (a) The SEM image shows diamond ring resonators on SiO2/Si
with varying radii. Inset: Higher magniﬁcation image of two ring resonators
with smooth sidewalls. (b) Schematic of a two collection arm confocal micro-
scope. Having obtained a scan of the device using collection arm C1 we ﬁx
the green pump beam (red circle) and use collection arm C2 to obtain a sec-
ond scan and collect photons from a diﬀerent position at the ring resonator
(yellow circle). The yellow circle also marks the collection position while tak-
ing spectra. (c) The photoluminescence spectrum features peaks that corre-
spond to the modes of the resonator. A pump power of 1:5mW is used at an
integration time of 300 s. Inset: A Q-factor of (12:6  1)  103 is obtained by
ﬁtting the experimental data (red).
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such as silica, and thinned, to form an optically thin diamond
waveguide slab that conﬁnes light by means of total internal
reﬂection. Figure 35a shows a scanning electron microscope (SEM)
image of representative diamond ring resonators, with diﬀerent
diameter and ring cross-sectional dimensions, on SiO2=Si substrate.
As mentioned in chapter 3 this versatile approach allows for a variety
of nanophotonic devices and systems to be made in diamond,
including ring resonators [55, 76] and photonic crystal cavities [56, 75].
6.1.2 Simulations
We use three-dimensional 3-D FDTD code (Lumerical) to model our
devices, and to estimate the coupling eﬃciency between the NV
center and the ring resonator, the resonator and the waveguide, and
the outcoupling eﬃciency of the gratings. We infer a grating
outcoupling eﬃciency towards the collection optics (0.95 numerical
aperture objective) of 30% compared to 20% in the case of an abrupt
waveguide end. In our modeling, we assume a 5m diameter ring
resonator with a 250 nm x 250 nm cross-section which is close to the
experimental values. The distance between ring and waveguide is
assumed to be 50 nm. The NV center is modeled as a dipole polarized
along radial direction with respect to the ring and routed ﬁelds are
observed (Fig. 36). We ﬁnd that 15% of the overall dipole emission is
routed to and up-scattered at both grating couplers combined for
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wavelengths on resonance. Furthermore, we ﬁnd that gratings also
scatter 30% of the overall dipole emission towards the substrate
(fraction of which can get reﬂected back at the SiO2/Si interface).
Finally no more than 7% of light is transmitted through the grating.
The mode volume of the ring resonator is obtained using
V =
R
(r) jE(r)j2 d3r
max((r) jE(r)j2)  28  (

ndiam
)3:
assuming that the dipole is placed in the ﬁeld maximum with optimal
polarization (aligned with the E-ﬁeld of the cavity mode).
µm
µm
Figure 36: FDTD simulations were used to model the routed ﬁelds. We ob-
tain the up-scattering Poynting vector when the photon source is in resonance
with the ring resonator. The dipole source is placed in-plane and at the ﬁeld
maximum in the ring, oriented along the radial direction.
6.1.3 Characterization of bare rings
In order to characterize our diamond resonators we take advantage of
the intrinsic ﬂuorescence of embedded color centers. We use a
photoluminescence approach in a scanning confocal microscope using
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two collection arms [6](Fig. 35b). The light that propagates to
collection arm C1 is used to obtain a scan of the device, and ﬁnd the
position of an NV center. The pump beam is then placed at a ﬁxed
position and  50% of the emitted light is directed towards collection
arm C2 via a beam splitter while a scanning mirror delivers a second
confocal micrograph. The second scan reveals out - scattered light
from light coupled to the device. To obtain the spectrum of
luminescence signal, we use grating spectrometers (HORIBA Jobin
Yvon, iHR550 and Acton SpectraPro SP300i) equipped with a
sensitive charged coupled device (Synapse CCD) detector.
As mentioned before, one channel of the two-collection arm confocal
microscope collects at the excitation spot whereas the second arm can
collect independently from the ﬁrst one at a diﬀerent spot. Green
pump light (532 nm) scans the devices at normal incidence (Fig. 35b)
via a scanning mirror, and red photons (650 nm-800 nm) emitted from
NV centers are collected and analyzed after passing through a dichroic
mirror (DM) and longpass ﬁlters. Our detection path is split into two
arms, one of which is always ﬁxed at the excitation spot (C1) while
the second arm can be scanned independently (C2). The latter allows
us to spatially separate excitation and collection positions. First, we
scan the sample to obtain an emission image of the device using C1.
Figure 35b(right), shows a scan of the photon collection position over
the ring in C2 (yellow circle) while constantly exciting with the pump
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laser in the same position (red circle). The device shown in the ﬁgure
has an outer ring radius of 20m and a 1m  410 nm cross-section
with 300 nm XR covering the diamond. The intensity proﬁle of the
ring indicates excitation of a higher order mode (conﬁrmed by 3-D
ﬁnite diﬀerence time domain (FDTD) simulations, not shown). The
spectrum reveals multimode behavior of the cavity with quality (Q)
factors of Q  12; 600 and a ﬁnesse F of 62 (Fig. 35c and inset).
6.1.4 Single photon routing on chip
To form a node of a network it is necessary to integrate the ring
resonator with a channel that carries information. We monolithically
fabricate ring resonators next to optical waveguides and thereby
provide eﬃcient and robust in- and outcoupling of light to the
resonator with embedded single NV centers. For a more detailed
introduction to waveguide coupled ring resonators please refer to
chapter 8. The waveguides contain second order gratings on each end
to facilitate free-space coupling of photons (Fig. 37a). We
characterize the structure by coupling the light from a broadband
white light source into one grating and by collecting transmitted light
from the other grating. The transmission spectrum shows regularly
spaced dips corresponding to the diﬀerent (longitudinal) resonant
modes of the ring resonator (Fig. 37b). We extract a Q-factor of
Q  2500 and F  40 for the resonance at  = 689:8 nm. Here, we
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Figure 37: (a) SEM image of a single mode ring resonator coupled to a
waveguide containing second order gratings on both ends. The ring diameter
is 5m and its width is 245 nm. The gap between the waveguide and the ring
is 100 nm, while the waveguide itself has a width of 370 nm. The device is sit-
ting on a SiO2/Si substrate. Inset: Magniﬁed image of the grating region. (b)
The transmission spectrum is obtained by exciting the structure with white
light (from super-continuum source) using the right-hand side grating, and
measuring transmitted signal using the left-hand side grating. The dips in the
transmission correspond to the ring resonator modes.
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operate close to critical coupling where the decay rate to the
waveguide would equal the intrinsic ﬁeld decay rate of the resonator.
Additionally, we demonstrate eﬃcient generation and routing of
nonclassical light ﬁelds provided by a single NV center embedded
inside the diamond ring resonator, at room temperature. Single
photons emitted from the NV center into the ring resonator couple
evanescently to the waveguide and are outcoupled one by one by the
gratings. Figure 38a) and b) illustrate scans using the two confocal
collection channels C1 and C2, respectively (the device is diﬀerent
from the one shown in Fig. 37). After scanning, the green pump laser
(as well as the ﬁrst collection channel) is placed at the NV center
(indicated by the red circle in Fig. 38a) and b)) and the second arm
C2 is either placed at the NV center (denoted C21) or at the grating
couplers at the end of the waveguides (C22 for the coupler on the left,
and C23 for the one on the right). Collection arm C1, positioned above
the NV center, is used to collect photons emitted directly by the NV
center - denoted by C11. We use Hanbury Brown and Twiss (HBT)
conﬁguration [28] to evaluate the second-order intensity correlations
g(2)() (see equation 4.2), where nonclassical light behavior from a
single quantum emitter results in g(2)(0) < 0:5 [94]. First we study the
free-space emission of the NV center (Fig. 38d). Here, light is directly
emitted upwards and extracted at the pump position in each
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Figure 38: (a) Confocal image of the device is obtained by scanning the
pump laser and using collection arm C1 to collect the ﬂuorescence (see also
ﬁgure 35). After presence of NV center is conﬁrmed, we position the pump
beam at its location. (b) Second confocal image can then be acquired us-
ing the collection arm C2. Furthermore, C2 arm can be used to collect light
from three locations of interest: NV center position (C21), left hand side grat-
ing (C22) and right hand side grating (C23). (c-e) Hanbury-Brown-Twiss
apparatus conﬁrms emission and routing of nonclassical light, by cross cor-
relating signals C11 with C21 as well as C23 and C22. Strong anti-bunching
(g(2)(0) < 0:5) is observed, without any background subtraction. (g) The
combined spectrum of C11 and C21 shows the characteristic NV emission.
The exact same position of the (non-broadened) Raman line at 573 nm as in
the bulk diamond indicates that the single crystal diamond ﬁlm quality is com-
parable to bulk diamond (denoted by R). (f), (h) Spectra collected from the
gratings C22, C23, respectively, reveal resonances of the ring imprinted on the
phonon sideband of the NV center’s emission (using a 150 lines/mm grating).
We obtain a Q-value of (3:2 0:4)  103 for the resonance at 665:9 nm using a
large resolution grating (1800 lines/mm).
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Figure 39: (a) Free-space collection exhibits a saturated single photon ﬂux
of (15  0:2)  104CPS at a pump power of 120  7W from an NV center.
The net counts from a single NV center are obtained via subtracting the linear
background from the overall count rate. (b) The combined count rate at both
gratings gives a saturation level of (15  0:1)  103 CPS at a saturation pump
power of (100 4)W.
collection position (C11 and C21). The cross-correlation between C11
and C21 shows strong photon antibunching demonstrating the single
photon character of the emitted quantum ﬁeld. The increased
coincidence rate for 12 ns<  < 550 ns is attributed to an
intermediate shelving state, characteristic of an NV center’s emission
[101]. For all g(2)-measurements no background subtraction was
performed revealing a good contrast even in a type Ib diamond. This
type of diamond usually has a high background level that is absent
here since our diamond thinning process has led to removal of large
amount of background originating from e.g. nearby NV centers, that
would normally make such g(2)-measurements diﬃcult in the bulk.
When collecting photons emitted directly above the NV center
(combining C11 and C21) we observe the typical NV center’s emission
spectrum (Fig. 38g) where the majority of collected photons are
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emitted directly into the free-space without coupling into the ring
modes. Furthermore, the Raman line occurs at the same spectral
position (573 nm) as in bulk diamond, indicating a good ﬁlm quality
(Fig. 38, as denoted by R in all spectra). The spectra at the
outcoupling gratings (Fig. 38f and 38h) feature prominent peaks
indicating coupling of the NV center’s ﬂuorescence to the modes of
the ring resonator as well as transfer of emitted photons into the
waveguide. Based on this ﬂuorescence spectrum we measure loaded
Q-factors as high as (3:2 0:4)  103 at 665:9 nm. Moreover, we
observe the evidence of routing of the quantum light ﬁeld when we
cross-correlate C11 with C22 and C23. We conﬁrm strong photon
antibunching without signiﬁcant change of the light statistics
compared to the auto-correlated free-space emission (Fig. 38 c) and
38 e), respectively).
Finally, we evaluate the performance of the routing process by
comparing the saturation behavior of the NV center emission into free
space with its emission into the photonic structure (Fig. 39). We
obtain the net count rate by subtracting the background (linearly
increasing with pump power) from the overall counts and ﬁt according
to equation 4.3. The free space emission of the NV center, obtained
by adding C11 and C21, saturates at a count level of (15 0:2)  104
counts per seconds (CPS) at a pump power of (120 7)W. This
saturation level is signiﬁcantly higher when compared to an NV center
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in bulk which we attribute to a thin ﬁlm eﬀect [105] combined with
the NV center’s polarization-dependent coupling to the ring. At the
same time, the combined counts from the outcoupling gratings give
(15 0:1)  103CPS at saturation at a pump power of (100 4)W.
As mentioned before, using 3-D FDTD modeling we estimated the
overall collection eﬃciency of our current grating design to be 30%. In
addition, by modeling the coupling eﬃciency from the NV center to
the ring and from the ring to the waveguide we estimate a total
collection eﬃciency of our system to be 15% - that is 15% of photons
emitted by an NV center are outcoupled by the gratings and collected
using our collection optics. We note that reduced photon counts
collected from gratings are largely due to the confocal nature of our
experimental apparatus which collects light only from a small
(< 1m2) region of the grating. The collection from the gratings
could be signiﬁcantly improved if light from the whole grating regions
is collected using a multimode ﬁber or an objective lens.
Improvements in the design of the gratings themselves can increase
the collection eﬃciency up to 90% [102]. Finally, inverse-taper
waveguide outcoupling [7, 159] could be used to eﬃciently collect
most of the emitted light directly from the waveguide, without a need
for a grating.
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6.1.5 Conclusion and outlook
Our ﬁrst demonstration of an integrated on-chip optical network
based on diamond illustrates the great potential of a
diamond-on-insulator platform in the ﬁeld of quantum optics. The
compact architecture and low loss material make our diamond
platform suitable for large scale integration where multiple devices
can be connected via single photon channels, thus enabling on-chip
photonic networks. With the recent progress of spin-photon
entanglement with single NV centers [19, 166] our approach may pave
the way for the realization of integrated, scalable quantum networks
[93] in which photons are used to transfer quantum information
between diﬀerent nodes (e.g. NV center embedded inside cavity) of
the network. Due to their long spin coherence times at room
temperature, NV centers are not only promising candidates for
quantum memory, but also have intriguing applications in quantum
sensing [13, 116, 121]. In order to enhance the interaction between
light and an NV center, and possibly enter the strong-coupling regime
of light-matter interaction, photonic crystal cavities fabricated
directly in diamond will be explored in the next chapter. Besides
other applications, entering the strong coupling regime could be
applied to realize single photon transistors [32, 86] based on diamond.
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You can focus on things that are barriers or you
can focus on scaling the wall or redeﬁning the
problem.
Tim Cook
7
NV centers coupled to photonic
crystal cavities
The realization of eﬃcient optical interfaces for solid-state atom-like
systems is an important problem in quantum science with potential
applications in quantum communications and quantum information
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processing. We describe and demonstrate a technique for coupling
single NV centers to suspended diamond photonic crystal cavities
with quality factors of up to 6,000. Speciﬁcally, we present an
enhancement of the NV center’s zero-phonon line ﬂuorescence by a
factor of 7 in low temperature measurements. Potential applications
of this technique are discussed.
7.1 Introduction to photonic crystal cavities
7.1.1 History
A Bragg stack consisting of alternating media with diﬀerent refractive
indices has been studied widely as predecessor of the PCC since Lord
Rayleigh. For instance, the use of a distributed Bragg reﬂector has
been implemented in a 1D structure known as vertical-cavity
surface-emitting laser (VCSEL) since 1979 [162]. However, it was not
until 1987 when Eli Yablonovitch at Bell labs proposed a
gedankenexperiment of forming a Fabry Perot cavity for a dipole
emitter in a 3D photonic crystal [183]. He stated, that when a band
gap is formed for light by a 3D periodic lattice of dielectric, and
overlapping with the electronic one, the spontaneous emission of a
dipole emitter can be inhibited. At the same time, Sajeev John
proposed strong localization of photons in a ”disordered superlattice
microstructures of suﬃciently high dielectric contrast ” [91]. He
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realized that there are extended and localized states for light in a
band diagram. These two papers mark the beginning of photonic
crystal cavities and their interpretation as periodic lattice providing a
band diagram with photonic band gap for light, equivalent to band
diagrams for electrons as formed by the atomic lattices in a solid state.
Since then, PCCs have been studied extensively and have shown to
be compatible with the integration of quantum dots and color centers
to form a solid state platform for strong light matter interactions and
hence a playground for cavity electrodynamics (cQED). Photonic
crystals and PCCs have also found use in (chemical) sensing, ﬁbers,
lasers, nonlinear frequency conversion etc. In 1997, the ﬁrst photonic
crystal nano-beam cavity mode in a photonic band gap was
demonstrated in Si at telecom wavelength [58]. Being beyond the
scope of this thesis, only a brief introduction to photonic crystal nano
beam cavities is provided.
7.1.2 Motivation for photonic crystal cavities as building
blocks of integrated photonic networks
The integration of solid state quantum emitters with
sub-wavelength-scale optical devices has generated substantial interest
in chip-based quantum networks [93]. As discussed earlier, NV center
in diamond is an exceptional candidate for a quantum bit due to its
spin readout and manipulation capabilities, which combined with long
106
coherence times can be leveraged for quantum information science
[129, 132, 181, 186], quantum sensing [13, 121] and quantum networks
[21, 36]. These potential applications all either require or beneﬁt from
optimized collection eﬃciency as well as control of spectral and spatial
properties of spontaneously emitted photons.
An appealing approach to addressing these problems involves the
use of Cavity Quantum Electrodynamics (CQED). Here, the single
photon spontaneous emission rate can be controlled by a photonic
cavity that enhances the interaction strength between a single optical
mode and the NV center. In the case of the NV center, these beneﬁts
can be realized by cavity coupling to the narrow-band ZPL transition,
which constitutes 3-5% of photoluminescent emission (PLE) from the
excited state. Indeed, many applications in quantum science rely on
the interference between indistinguishable photons, for which only the
ZPL transition is suitable. Coupling to an optical cavity thus provides
a means to enhance both the ZPL collection eﬃciency and the relative
proportion of photons emitted into the ZPL. In particular, PCCs,
schematically depicted in ﬁgure 41a, provide a strong enhancement
due to their small mode volumes and have been studied widely in the
context of light-matter interactions with quantum dots [145, 185].
Coupling between NV centers and PCCs has been demonstrated in
several diﬀerent systems. In hybrid systems, where a diamond
nanocrystal containing an NV center is placed in the cavity mode of a
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photonic crystal fabricated from another material, coupling to single
NV centers has been shown ﬁrst for 2D semiconductor PCCs made
from GaP [53] and later in 1D plasmonic PCCs based on silver
nanowires [43]. Although substantial enhancement has been
demonstrated in such systems, the NV centers in nanocrystalline
diamond exhibited poor optical qualities. This necessitates the use of
bulk diamond. In this vein, coupling between PCCs and ensembles of
NV centers or silicon-vacancy centers has been demonstrated in
devices fabricated by focused ion beam milling of single-crystal bulk
diamond [146]. Additionally, advances in diamond fabrication
technology allowed for high quality cavities to be made via reactive
ion etching (RIE) techniques. Coupling to individual centers in such
devices was achieved ﬁrst in microring resonators [55, 76] and in 2D
PCCs [56].
In this work, we extend these results to include suspended, 1D
PCCs fabricated by RIE from high purity single-crystal diamond ﬁlms
[77]. The 1D geometry lends itself easily to integration with
chip-based networks via coupling to diamond ridge waveguide modes.
We have measured quality (Q) factors up to 6000 in our devices, and
we demonstrate both red tuning up to 7 nm by Xe deposition and
blue tuning up to 23 nm by baking and plasma etching. Finally, we
show enhancement of the ZPL of a single NV center by a factor of 7
at low temperature.
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7.2 Photonic Crystal Design & Fabrication
Figure 40: Depiction of the photonic crystal HSQ mask on a diamond ﬁlm
(dark) on a Si substrate. The inset shows a magniﬁed view of a set of PCC
mask having a parabolically tapered width.
To fabricate photonic crystals from a bulk piece of diamond, we
employ a similar method for nanostructuring as presented in chapter
3.2.2. Brieﬂy, as depicted schematically in ﬁgure 41c, we begin with
deep-etching a type IIa CVD or Ib HPHT single crystal diamond
membrane resting on a Si substrate to the desired device thickness of
250 nm. We then deﬁne an etch mask via EBL on HSQ resist ﬁlm
spun on the diamond substrate. Many arrays of photonic crystals
with diﬀerent designs, scalings and out coupling sections can be
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written on the same ﬁlm in parallel (Fig. 40). A second oxygen RIE
step transfers the mask pattern into the diamond thin ﬁlm. Finally,
we remove the substrate material from beneath the devices with an
isotropic etch recipe for Si in a STS RIE (5min using a N2O ﬂow rate
of 1420 sccm, N2 of 392 sccm, SiH4 of 10 sccm at a chamber pressure of
900mTorr and a 30W HF power), resulting in suspended nanobeams.
Figure 41d shows a scanning electron microscope (SEM) image of
several photonic crystal nanobeams (left) as well as a magniﬁed view
(right). Optical images of the undercut PCCs are provided in ﬁgure
42 where the diamond ﬁlm wedging is visible. Similar thicknesses of
PCCs can be identiﬁed via having a similar color.
The design for our photonic crystals consists of a series of holes
etched through a diamond ridge waveguide, illustrated schematically
in ﬁgure 41a. Light is conﬁned to the waveguide by the index contrast
between diamond (n = 2:4) and air, while the periodicity of the holes
forms a bandgap to conﬁne light along the waveguide. The ability to
store light in the cavity region in the time domain can be quantiﬁed
by the Q factor. The particular parameters of our design were chosen
to accommodate the inaccuracies of our fabrication process. In
particular, devices obtained from the above procedure exhibit
signiﬁcant thickness variations from device to device across a single
chip, owing to an initial thickness gradient in the mechanically
polished diamond membrane, which is transferred to the ﬁlm in the
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Figure 41: (a) Cartoon of a 1D photonic crystal nanobeam with an emit-
ter coupled to the cavity. (b) FDTD modelling of the mode proﬁle of a 1D
photonic nanobeam. The hole diameter was constant while the width of the
beam was tapered. (c) Fabrication schematic of diamond nanobeams. First,
a diamond membrane was thinned to the optical device layer in a deep re-
active ion etch, second, EBL was performed to deﬁne the mask, third the
mask was transferred to the diamond in a second RIE step. Then, the dia-
mond nanobeams were undercut in an isotropic RIE step etching the Si layer
underneath. (d) SEM image of freestanding diamond nanobeams.
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deep RIE step. As a result, we designed our photonic crystals to be
robust to moderate variations in thickness within the range of
200  400 nm. To accomplish this, we used a relatively large hole
radius (65 nm) and periodicity (ranging from 165 nm to 175 nm),
which were kept uniform across the entire photonic crystal. The
cavity is then formed by tapering the width of the waveguide down
from 500 nm at the ends to 400 nm at the cavity center, in a parabolic
proﬁle [5, 141]. Various scaled versions were also implemented to
accommodate fabrication imperfections. Modeling of 1D nanobeams
was performed using the 3D ﬁnite diﬀerence time domain (FDTD)
software Lumerical. Coupling between the nanobeam photonic crystal
cavity and an optical waveguide can be easily achieved [142] by
modifying the geometry of the mirror holes at the ends of the
photonic crystal. This allows for integration of multiple devices on the
same chip and realization of integrated quantum networks. To achieve
a high transmission signal (T / Qt
Qwg
), the scattering Q factor
(Q 8  106) was designed much larger than the waveguide Q. The
waveguide limited (Q  5:3  105), total Q factor was determined to
reach values up to Q  5  105, with a mode volume of 1:8   
n
3,
concentrated in the diamond (Fig. 41b). Photons coupled into the
optical waveguides were outcoupled at the end facet of the waveguide
and collected using a lens with large numerical aperture (Fig. 44a,
left). In addition, we explore an alternative cavity design with a
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central hole removed. This cavity geometry features a moderate,
scattering limited Q factor (Qscattering = 1  104 < Qwaveguide and mode
volume of 3:7   
n
3 and multimode behavior, but in turn increases the
likelihood of locating an NV center in the cavity. A top-view of a
suspended nanobeam showing the width taper and ﬁlled in hole is
presented in ﬁgure 44a (right). Conventional designs, where the width
is kept constant and the hole radius is tapered in the cavity region
have been studied as well 43. Moreover, a design has been studied
that implements a gaussian taper in hole radii which is waveguide
limited and provides ultra-high Q factors [141]. However, the above
mentioned tapered-width design was experimentally the easiest to
characterize and most robust towards fabrication imperfections. All
data will hereafter refer to this particular design.
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Figure 42: Optical images of (a) an array of diﬀerent sets of undercut PCCs
and (b) two sets having diﬀerent out coupling sections for transmission mea-
surements. The thickness variations can be inferred from the color informa-
tion.
An added advantage of 1D photonic crystals is the natural
integration of their geometry with propagating waveguide modes.
Coupling between cavity and waveguide modes can be easily
controlled by varying the region of mirror holes at the ends of the
photonic crystal, and subsequently routed through other photonic
devices on the chip or coupled to free space. We investigated
waveguide coupling in our cavities by adding simple broadband
outcoupling structures to the ends of our nanobeams. The
outcouplers are formed by extending the nanobeam in a terminated
waveguide section, as shown in ﬁgure 44a (left).
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7.3 Experimental
Characterization of the cavity spectral properties is performed in two
ways. First, we probe the cavity response to a broadband input in a
transmission conﬁguration. We excite waveguide modes of the
diamond nanobeam by coupling white light from a supercontinuum
source (NKT Photonics) into the waveguide at one end. Light that is
resonant will then couple to the cavity mode and either be scattered
or transmitted to the far end of the waveguide. Figure 44b illustrates
this behavior, with light focused onto the right end of the device and
scattered from a well-localized spot at the cavity center and from the
outcoupler at the left end of the waveguide. We collect the scattered
light from each location and analyze its spectrum to obtain the cavity
resonance frequency and Q factor (Fig. 44c). With this method we
measured spectrometer-limited Q factors exceeding 6,000 for
resonators with a ﬁlled hole. These Q factors are close to the modeled
value for resonators having a ﬁlled central hole.
For devices containing an NV center, the cavity spectral properties
can also be measured in the PLE spectrum of the NV center, as
follows. The presence of an NV center in the vicinity of the cavity is
determined by confocal microscopy. A 532 nm laser (Coherent
Compass 315M) is focused onto the sample and scanned over the ﬁeld
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Figure 43: Suspended PCCs with a tapered hole cavity region in the center.
Figure 44: (a) SEM top view of a suspended photonic crystal nanobeam,
(right) as well as of the outcoupling region for transmission measurements
(left). (b) Transmission measurement of white light from a supercontinuum
source incoupled at the right end of the waveguide. Outcoupled and upscat-
tered light is observed both at the cavity region as well as the other end of
the cavity. The scattering of the cavity mode is well localized. (c) Spectra ob-
tained at the cavity region in transmission show cavity modes with Q factors
up to 6,000.
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of view to excite any NV centers, which occur natively and randomly
throughout the diamond (in a relatively high density for the diamond
types studied here). Emitted light at the excitation spot is collected
while green light is ﬁltered out, so that NV centers can be identiﬁed
as bright spots (Fig. 45a). Single NV centers can are identiﬁed by
verifying that the second-order autocorrelation of the PLE signal
exhibits an antibunching dip below 0.5 (Fig. 45b, and equation 4.2)
[94]. Having identiﬁed a proximal NV center, we now use it to
measure the cavity spectrum. The NV PLE contains components
from both charge states (NV- and NV0) and away from the ZPL
provides a relatively ﬂat, broadband source with which to probe the
frequency of cavity modes over a range from 575  800 nm. Hence,
resonant ﬂuorescence couples into the cavity mode and is partly
scattered into free space as the cavity decays (mere background
emission from diamond is suﬃcient as well). The combined emission
of NV center and cavity thus exhibits intensity peaks at the cavity
resonances, as shown in ﬁgure 45c, from which we can infer both the
cavity frequency and Q factor, which are in good agreement with the
measured values from the white light transmission measurements
described above. In this way, we have measured Q factors up to 6,000,
also limited by the resolution of our spectrometer. Having identiﬁed
an NV center-cavity system of interest, we now wish to control the
coupling of coherent NV center emission to the cavity mode.
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7.4 Tuning of cavity modes
Integration of our cavities with NV centers for quantum optical
applications requires spectral overlap with a narrow-band transition,
associated with the ZPL. However, as discussed above, fabrication
imperfections and diamond ﬁlm wedging result in shifts of the cavity
resonances from the predicted values, such that the cavity mode is, in
general, not at the frequency of the ZPL transition. We employ two
methods to tune our cavities, by either etching away material to
blue-tune [146], or condensing Xe gas to red-tune [126]. The two
techniques are complementary, the etching method working well for
coarse, unidirectional tuning over a large range (up to 23 nm), while
the red-tuning method can tune in ﬁner, reversible, steps, but over a
shorter range (7 nm). To take advantage of this complementarity and
ensure ﬂexibility in the tuning, we therefore design the resonances to
be positioned to the red of the ZPL when fabricated, such that they
can be blue-tuned past the ZPL by isotropically etching away
diamond, and ﬁnally red-tuned precisely to the ZPL frequency by Xe
condensation at low temperature.
For the blue-tuning, we used two etching methods to remove
material from the diamond surface, one with an oxygen plasma etcher
(Technics, Model 220) and the other in a rapid thermal processor in
oxygen environment (Modular Process Technology, RTP-600xp). The
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Figure 45: (a) Confocal microscope image of ﬂuorescence from a device un-
der excitation with 532 nm light. Individual NV centers are visible as bright
spots along the nanobeam. (b) Second-order autocorrelation measurement
of the ﬂuorescence from an NV center in the cavity region of the nanobeam.
The value for zero delay, g2(0) = 0:2 is below 0.5, identifying it as a single
NV center. (c) Fluorescence spectrum of the device collected directly from the
NV center location. The broad phonon sideband of the NV center is coupled
to the cavity at the resonance wavelengths (685 nm, 695 nm, 705 nm) and
the enhanced emission into the cavity is subsequently scattered into free space
and collected by the objective along with the NV center emission.
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mode positions of a cavity mode having a Q factor of 1100 were
studied over a series of etch steps (of varying step lengths). Figure 46
shows the blue shifting of the mode after each etch step. Other
cavities on the same chip experienced similar blue-shifts as a result of
the etch steps. By varying the duration of the etch we were able to
etch in steps ranging from 0:2 nm to 5:3 nm, with the plasma etcher
having more reproducible etch rates. In total, we were able to tune by
23 nm over the course of 8 etch steps without deterioration of the Q
factor.
We next use reversible red-tuning in ﬁne steps of the cavity
resonance to the ZPL of the NV center by condensing Xe gas onto the
diamond surface and consequent enhancement of the ZPL
ﬂuorescence. In order to condense the Xe, while minimizing phonon
broadening of the ZPL, we carry out tuning at 4K by cooling our
devices in a helium ﬂow cryostat (Janis, ST-500). We begin by
identifying a cavity containing an NV center, for which the cavity line
is just to the blue of the ZPL frequency at 637 nm. The spectrum for
such a device at low temperature is shown in the bottom line of ﬁgure
47a (zoom in to the ZPL shown in ﬁgure 47b). In the device shown,
three cavity lines are visible in the spectrum to the blue of the ZPL,
which itself exhibits two distinct frequency components. We next
released puﬀs of Xe gas into the chamber through a nozzle directed at
the sample and positioned 1 cm from it. Spectra were taken between
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each puﬀ to monitor the cavity resonance frequency. The tuning was
observed to happen within seconds of the Xe being released, after
which the cavity frequencies were stable for hours, indicating no
further gas dynamics. Reheating the sample to room temperature
reverses the tuning. With this procedure we were able to repeatedly
tune over a range of 7 nm in step sizes of 0:5 nm, without signiﬁcant
degradation of the cavity Q.
Figure 46: Controlled blue-tuning of a cavity mode via oxygen etching shown
over 8 etching steps. ￿e￿ refers to etching in an oxygen plasma etcher, while
￿r￿ refers to etch steps performed in a rapid thermal processor. The etch times
are of diﬀering lengths, background has been subtracted and modes are nor-
malized by the peak intensity. An overall average tuning range of 23 nm was
observed from several devices.
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7.5 Results: ZPL Enhancement
As the cavity is tuned into resonance with the ZPL of the NV center,
the total signal in the ZPL band is enhanced due to the interaction
with the cavity mode. This enhancement is quantiﬁed by the Purcell
factor, which in the case of a resonant interaction is given by:
FP =
3
4


n
3
Q
V
jENV  NVj2
jEmaxj2  jNVj2
(7.1)
where jENV;maxj2 are the cavity electric ﬁeld at the position of the
NV center and cavity mode maximum, respectively, jNVj2 is the NV
center dipole moment,  is the wavelength of the cavity mode and
n = 2:4 is the refractive index of diamond, and
V =
R
(r) jE(r)j2 d3r =max[(r) jE(r)j2] is the cavity mode volume.
Figure 47 shows the PLE spectrum through a series of Xe
deposition steps, clearly indicating an enhancement of the ZPL
intensity when the cavity comes into resonance. The spectra in ﬁgure
47 have been normalized to the diamond Raman line at 573 nm to
account for overall intensity ﬂuctuations resulting from the Xe
condensation.
By comparing the spectra when the cavity is resonant with the ZPL
to those when it is oﬀ-resonant, we can obtain an estimate of the
Purcell enhancement. In the case of a resonant cavity (as in the top
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spectrum of ﬁgure 47), the total ZPL intensity is given by:
IresZPL = (cavFP + NV )
1
0
(7.2)
where can;NV are the overall collection eﬃciencies for photons emitted
by the cavity and by the NV center directly, respectively, and 0 is the
NV center excited state lifetime in the absence of any Purcell
enhancement. In the oﬀ-resonant case this reduces simply to
Ioff resZPL =
NV
0
(7.3)
. Dividing equation 7.2 by 7.3 and further making the assumption
that can = NV , i.e. that cavity Q is scattering-limited, we arrive at:
FP =
IresZPL
Ioff resZPL
  1 (7.4)
. This Purcell factor is histogramed in the right-hand panel of ﬁgure
47b. A maximum Purcell enhancement of 7 is observed when the
cavity is resonant with the ZPL.
This modest enhancement is substantially lower than expected
given our cavity parameters. With a cavity Q of 1634 and mode
volume of 3:7   
n
3, we expect an enhancement of 34 for ideal NV
center placement and orientation. This discrepancy relative to our
measured enhancement suggests that a substantial improvement can
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be gained by a more deterministic method for spatial alignment of the
NV center with the cavity, in addition to improving the cavity Q
factor through better fabrication.
7.6 Conclusions and Outlook
In this chapter we have described the design and fabrication of
suspended, 1D photonic crystal cavities made from high-purity,
single-crystal diamond, and having Q factors of up to 6000. Methods
for blue tuning over a range of 23 nm and red tuning over a range of
7 nm were demonstrated, culminating in the selective enhancement of
the ZPL intensity of a single NV center by a factor of 7, as veriﬁed by
tuning a cavity mode into resonance with the NV center￿s ZPL at low
temperature. To facilitate the process of ﬁnding a device with a
well-coupled NV center we used our lower-Q, higher mode volume
design, however with our best fabricated cavities and an optimally
placed NV center, we would expect an enhancement of up to 250.
With smaller mode volume designs, more reﬁned fabrication
techniques to reduce side-wall roughness (Fig. 48), and by developing
deterministic methods for spatial alignment of the NV center within
the cavity mode, even larger enhancement factors can be expected.
Along with the recent work in 2D photonic crystals [56], these results
open up promising avenues for new technologies in quantum sensing,
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Figure 47: Tuning the cavity into resonance with the ZPL of the NV center.
The cavity is tuned into resonance by condensing Xe gas onto the device while
continuously measuring spectra of the NV center at 4K in a cryostat. Xe is
injected into the chamber where it condenses and redshifts the resonance fre-
quency of the cavity mode. When the cavity frequency overlaps the ZPL the
ﬂuorescence intensity is enhanced by a factor of FP  7. (b) Magniﬁed and
ﬁtted version of ﬁgure (a) where a split ZPL is observed. The dashed lines
indicate the limits for integration when estimating the Purcell factor. The his-
togram at the right represents the corresponding enhancement.
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Figure 48: Top-view of a PCC. The surface roughness could originate from
mask erosion during the etch or the EBL writing technique.
quantum information science, and quantum networks [93].
The small 1D footprint and fabrication by RIE make the current
approach scalable, with 1,000 devices fabricated in parallel on a
single chip. Additionally, the coupling to propagating waveguide
modes, which occurs naturally in 1D photonic crystal devices, makes
this geometry attractive for quantum networks and quantum
information applications. Although improved methods must be found
which allow for incorporation of these devices with implanted, stable
NV centers, our method provides the framework for realizing such
advanced quantum technologies.
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Part II
Second part: Integrated
Nonlinear Optics in Diamond
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Unique material properties make diamond a promising candidate
for on-chip high-performance photonic devices with novel
functionalities. In particular, diamond’s large Raman-gain
(13:5 cm=GW at 1064 nm)[57], relatively large Kerr nonlinearity
[26, 107] (n2 = 1:3  10 15 cm2=W), wide bandgap (5:5 eV), negligible
multi-photon loss mechanisms [41], as well as excellent thermal
properties (high thermal conductivity of 2000W=mK, and small
thermo-optic coeﬃcient of dn=dT = 10  10 6K 1) [128] are of interest
for the implementation of active and passive optical devices capable of
handling high optical powers. In order to take full advantage of these
exceptional properties of diamond, it is desirable to fabricate devices
integrated on a chip. A diamond-on-insulator (DOI) platform recently
developed for applications in quantum optics [55, 76, 111], based on
single crystal diamond ﬁlms on top of a low index substrate, is well
suited for these applications. Two promising applications of DOI, and
diamond photonics in general, are the realization of coherent light
sources based on Raman scattering at wavelengths where
semiconductor lasers are hard to implement [125, 149, 150, 163], and
parametric nonlinear processes that may lead to wide-bandwidth
frequency comb generation [44, 189]. However, the realization of high
performance devices places stringent requirements on the diamond
ﬁlm quality. For example, polycrystalline diamond approaches
[176, 177] suﬀer from light absorption and scattering at grain
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boundaries, and therefore single-crystal diamond ﬁlms are of interest
for applications mentioned above. Single-crystal thin diamond ﬁlms
can be generated using either ion implantation assisted liftoﬀ
[104, 135, 175] or substrate thinning approaches [55, 56, 76]. The
former method leaves residual stress within the diamond ﬁlms [114]
that can be detrimental for applications in photonics, but might be
overcome using an approach based on regrowth of diamond [4]. This
makes the latter approach the most promising route towards a
high-performance DOI platform so far, and is the one employed in this
work. However, further advances in material science and engineering
will likely overcome diﬃculties associated with polycrystalline and
ion-sliced single crystal diamond ﬁlms. For example, low-loss optical
waveguides and resonators having high quality (Q) factors have been
successfully fabricated in other polycrystalline materials including Si
[139] and TiO2 [27], while ion-slicing is routinely used for
high-performance silicon-on-insulator (SOI) platforms.
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To love beauty is to see light.
Victor Hugo
8
The platform for nonlinear optics:
Integrated diamond ring resonators
The realization of an integrated diamond photonic platform, based on
a thin single crystal diamond ﬁlm on top of a silicon dioxide/silicon
substrate, is reported in this chapter [79]. Using this approach, we
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demonstrate high- quality factor single crystal diamond ring and
race-track resonators, operating at near-infrared wavelengths
(1; 550 nm). The devices are integrated with low-loss diamond
waveguides terminated with polymer pads (spot size converters) to
facilitate in- (out-) coupling of light from (to) an optical ﬁber. Optical
characterization of these resonators reveal quality factors as high as
250,000 and overall insertion losses as low as 1 dB=facet. Scattering
induced mode splitting as well as signatures of nonlinear eﬀects such
as optical bistability are observed at an input pump powers of
100mW in the waveguides.
8.1 Introduction to ring resonators and their
design
A waveguide that is bent such that its ends connect forms a ring
resonator with a speciﬁc radius R. Reviews on the physics of ring
resonators can be found among others in refs [24, 157, 184]. Here, a
discussion based on that presented in [24, 184] will be treated in
brevity.
In nanophotonics it is common to refer to the quality (Q ) factor of
a resonator. It describes the ability of a resonator to store light
(within a factor of 2): how many oscillation the system can perform
before the power falls oﬀ to 1=e. General applications of ring
resonators include their use as ﬁlters, switches and/or wavelength
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division multiplexer (WDM) in optical communication [110], sensing
[100], modulators [182] etc. Losses can be segmented into waveguide
propagation (material absorption and scattering) losses, coupling
(scattering and waveguide and mode mismatch due to ring
cross-section mismatches) losses between ring and waveguide, bending
(scattering) losses as well as mode mismatch losses in between
straight and bent segments of a racetrack resonator. To obtain high Q
factors, minimizing the loss channels is crucial and will be discussed in
detail in section 9.2. The Q factor is related to ring resonator losses
and can be written as a sum of inverse Q factors associated to
diﬀerent loss channels as: 1=QL = 1=Q0 + 1=QC + 1=Qsc, where QL
denotes the loaded (total) Q factor equivalent to the measured Q
factor of a device, Q0, QC and Qsc represent the intrinsic, coupling
and scattering being inversely proportional to the dissipated powers
associated with bending, coupling and scattering losses (material
losses are assumed to be negligible for diamond).
So far Q factors exceeding 1  108 have been achieved in planar silica
toroidal microresonators at telecom wavelengths [9], which has been
extended to 8  108 for wedge-resonators in Silica. While toroidal
microresonators and wedge resonators provide access to ultra high Q
devices via the means of reﬂow techniques that minimize scattering
loss, these geometries are not intrinsically integratable with other
devices on chip since they reside on pedestals and hence not
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necessarily CMOS compatible. Intrinsic Q factors as high as 20  106,
28  106 and 7  106 have been achieved for ring resonators integrated
with directional waveguide couplers made of Si3N4 on silica at
1060 nm, 1310 nm and 1550 nm respectively [165]. In the visible
wavelength regime, Q factors of 3:4  106 have been obtained in Si3N4
microdisks on silica with integrated waveguide couplers [84].
Ring resonators can be accessed via bus waveguides in close
proximity to the ring and light is evanescently coupled between the
ring and the bus waveguide. A ring contains multiple resonances,
whenever the phase shift induced by the wave inside the ring matches
an integer multiple of 2, or equivalently, each time an integer
multiple of the wavelength  matches a round trip of the light in the
ring (or the optical path length of the ring) [24]:
m = neff  L = 2Rneff ; m = 1; 2; 3; ::: (8.1)
Where neff , m and L are the eﬀective refractive index, an integer
number and the round trip length respectively.
The transmitted to incident ﬁeld ratio can be described by:
ET =
t  ae i
1  taeiE0 (8.2)
where  = 2Lneff= is the round trip propagation phase shift inside
the ring, a = e L is related to the amplitude attenuation  due to
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propagation losses such as bending and scattering losses and t
corresponds to the transmission coupling coeﬃcient. The power is
split into coupled light into the ring 2 (with  as the coupling
coeﬃcient between the waveguide and the ring) and transmitted light
t2 while power conservation is guaranteed in the coupling section via
t2 + 2 = 1 (no loss in coupling section itself). The transmitted
intensity can hence be obtained via
IT = jET=E0j2 = a
2 + t2   2at cos 
1 + a2t2   2at cos 
If the roundtrip phase shift equals an integer multiple of 2,
 = m  2, the incident light is resonant with the resonator mode,
such that transmitted intensity satisﬁes
IT =
(a  t)2
(1  at)2
Furthermore, if losses in the ring are negligible, a  1 (equivalently
the intrinsic quality factor, which provides a measure of the
resonator’s ability to temporally store light, goes to inﬁnity Q0 =1),
the transmission is unity for all phase shifts . However, for critical
coupling, when t = a =
p
1  jj2 so that the power loss in the ring
1  jaj2 equals the coupled power 2, the transmission dip of a
resonance goes to 0.
The full width half maximum of a resonance can be described in
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terms of the resonant wavelength res, the ﬁeld amplitudes t, a, the
round trip length L and the group index ng which takes waveguide
dispersion into account:
 =
(1  ta)2res
ngL
p
ta
(8.3)
ng =
c
vg
= neff   0dneff
d
(8.4)
where vg is denoted as group velocity (velocity of the envelope of a
pulse in a medium as supposed to the phase velocity vp = !=k, the
velocity at which the phase travels for a given frequency). The free
spectral range can be approximated to be
  
2
res
ngL
(8.5)
Hence the Q factor and ﬁnesse (F) of the resonator are represented
via
Q =
res

=
(1  ta)res
ngL
p
ta
; F =


 
p
ta
1  ta (8.6)
Here, to design waveguide coupled single crystal diamond (SCD)
ring resonators based on the DOI platform, 3D Finite diﬀerence time
domain (FDTD) modeling (Lumerical Solutions, Inc) is used. The
cross section of the resonator and waveguide is ﬁrst determined to
satisfy single mode operation and phase matching (in nonlinear
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applications anomalous dispersion, see chapter 9) . The waveguide
and ring resonator cross sections are chosen to be equal to obtain
ideal mode matching between them. For Raman and Brillouin
processes that involve photon - phonon scattering, material dispersion
does not need to be attributed. These processes are selective towards
phonons with the appropriate wave vector k. Hence, there is an
optimum crystal orientation with respect to the light polarization. As
mentioned earlier, critical coupling is achieved when the ring
resonator loss equals the amount of light coupled to the ring.
Numerically, the coupling eﬃciency between waveguide and ring
resonator (and hence the gap size) can be determined when placing a
dipole emitter (with TE or TM polarization) in the ring resonator and
monitoring the decay into the waveguide. The radius is ﬁrst chosen to
be large to avoid any bending loss contributions. After the QC is
designed, the bending radius loss can be obtained via choosing smaller
and smaller radii and monitoring the decay. In this chapter, single
mode operation is obtained at 1; 550 nm for a diamond waveguide
with a cross-section of 600 nm x 500 nm (refractive index ndiam of 2.4)
on a 2m thick SiO2 on Si substrate capped with silica. The coupling
Q factor QC between waveguide and cavity is larger than 250,000 for
a gap size of 500 nm. A resonator length of 330m is used.
136
8.2 Bare ring measurements using tapered fibers
Figure 49: (a) Scanning electron microscop (SEM) image of a diamond ring
resonator on low index substrate. The residual resist layer remained on the
ring during characterization. Inset: SEM image of an optically thin single crys-
tal diamond slab on a SiO2/Si substrate before making devices. (b) Optical
image of single diamond ring resonators on a quartz substrate. A tapered op-
tical ﬁber, used to in- and out-couple light can also be seen. The rings have
a 20m diameter, with a waveguide cross-section of 410 nm x 1m. The
300 nm thick low-index (1.5) resist layer was kept on top of the ring. The
rainbow-pattern in the rings is due to thickness variations of the diamond
ﬁlm. (c) Transmission measurement features sharp dips that correspond to
the modes of the ring resonator. The Q-factors obtained using Fano-like ﬁts
range from 700 (1678 nm) to 9,000 (1487 nm). Inset: Blow-up of one of the
resonances.
To test our predictions, an array of bare diamond ring resonators,
without coupling waveguides and capping silica, are ﬁrst fabricated on
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quartz substrates. A slightly diﬀerent geometry from the one
discussed above is used, with an outer ring radius of 20m and cross
section of 400 nm x 1m. The planar diamond device fabrication
sequence used is described in chapter 3.2.2 (see diamond ﬁlm on silica
substrate (inset) and ring proﬁle in ﬁgure 49a). Bare diamond rings
are shown in ﬁgure 49b along with a tapered silica ﬁber [31, 98] which
is used to evanescently couple light to the rings. To ensure coupling to
one device at a time, a small dimple is indented in the middle of the
tapered region [15, 164]. Note that in the experiments presented here
the optical ﬁber is in contact with the diamond rings. The
performance of the ring resonators is probed in transmission
measurements using scanning lasers (Santec, TSL 510) spanning a
1480  1680 nm wavelength range. Figure 49c shows a representative
normalized transmission spectrum, which features regularly spaced
dips that correspond to optical resonances of the structure. The inset
in ﬁgure 49c shows a blow-up of one of the resonances, which has been
ﬁtted to a Fano proﬁle [54, 65]:
F () = a1   a2  (q + 2(  0)=)
2
1 + (2(  0)=)2 (8.7)
Here,  corresponds to the linewidth of the resonance while 0
represents the resonant wavelength. The asymmetry of the resonance
is attributed to the Fano parameter q [54] and a1; a2 are ﬁtting
parameters. The Fano-like shape is attributed to interference between
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light coupled to the ring resonator and light partially reﬂected from
ﬁber discontinuities (e.g. ﬁber-ring coupling section, ﬁber facets)
which leads to a perturbation of the phase of the transmitted wave
[33]. A Q-factor of 9000 at  = 1487:4 nm is extracted, corresponding
to a ﬁnesse (F) of 100. Both quantities decrease signiﬁcantly for
longer wavelengths (Q  700, F  12 for  = 1676 nm), which is
attributed to a larger scattering loss at the outer ring edge caused by
reduced conﬁnement in the high index material, as well as to larger
coupling into the ﬁber. Since the ﬁber is touching the ring resonator
the measurements are likely performed in the over-coupled limit
where the ﬁeld decay rate to the tapered ﬁber, exceeds the intrinsic
loss rate of the ring resonator, thus reducing the overall Q factor of
the resonator. This eﬀect is more dramatic at long wavelengths where
the transmission drops by only 18 % on resonance. The color change
in the optical image (Fig. 49) is attributed to the thickness variation
of the ﬁlm, which arises from the polishing step. A wedge-like proﬁle
of the diamond plates has been measured prior fabrication with a
minimum of 1m thickness change over a 3mm sample.
8.3 Initial results of waveguide integrated ring
and racetrack resonators
To realize fully integrated diamond photonic networks that enable
eﬃcient and robust coupling of light into the cavity, we replace the
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tapered optical ﬁber with diamond waveguides fabricated in close
proximity to the ring and racetrack resonators (Fig. 51). In addition,
polymer in and out-coupling pads consisting of SU-8 resist with a
3m x 3m cross-section are deﬁned in a second e-beam lithography
step to extend the diamond waveguides to both ends of the sample.
This procedure improves the coupling between an optical (lensed)
ﬁber to the on-chip diamond waveguide[47]. To ensure optimal
coupling between the diamond waveguide and the polymer pads the
diamond waveguides are adiabatically tapered. Figure 51a shows a
SEM image of a representative diamond race-track resonator on a
SiO2/Si substrate with extended diamond waveguides.
Lensed fiber 
Figure 50: Schematic of the waveguide integrated measurement. An optical
image of a diamond ring resonator next to a diamond waveguide is shown
along with SU-8 pads extending the diamond waveguides to the end of the
chip. Lensed ﬁbbers are used for coupling light in and out of the device.
Lensed ﬁbers (Oz optics) are used to couple light into and out of the
cleaved facets of the device (Fig. 50). An outline of the experimental
setup and the butt-coupling technique used here are described in
detail by Deotare et al [47]. A transmission spectrum of a typical ring
resonator device, shown in ﬁgure 51b, reveals resonator modes with Q
factors as high as 30,000. In this case, an overall transmission loss of
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12 dB is inferred. To further improve the coupling eﬃciency as well as
increase the cavity Q factor, a 2m thick SiO2 layer is deposited on
top of our devices (after polymer pads are deﬁned) using plasma
enhanced chemical vapour deposition (PECVD). A diﬀerent sample
from the one shown in ﬁgure 51a was used here with a 330m
resonator length. After cleaving, the sample facets are polished to
maximize the ﬁber-coupling and to avoid any scrambling of
polarization due to facet imperfections. Using this approach an order
of magnitude increase in coupling eﬃciency is observed, and an overall
transmission loss down to 2 dB (1 dB/facet) is inferred for the best
device. Both TE and TM modes are identiﬁed, with TE modes
usually having higher Q factors than TM modes (Figure 52a and 52b
respectively). Q factors as high as  2:5  105 are obtained from ﬁts to
the experimental data. The increase in Q factor is attributed to the
reduced scattering losses resulting from the reduced index contrast
between the diamond core and the silica cladding. We estimate the
waveguide propagation loss [113] to be 1:7 dB=cm from transmission
data (Q factor and on-resonance transmission dip), assuming
undercoupled devices. Since this estimation accounts for scattering,
absorption and bending losses of the ring, it provides an upper limit
for the diamond waveguide propagation loss.
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Figure 51: (a) SEM micrograph of an array of diamond racetrack resonators
(330m length) coupled to diamond waveguides. Coupling polymer pads
are not shown here. Inset: Close-up of the waveguide-resonator coupling
region. The height, width and gap size of the devices are in the range of
600   700 nm, 550   650 nm and 450   500 nm respectively. (b) Trans-
mission spectrum obtained from a 314m long race-track resonator. Q-factors
as high as 30,000 are observed for devices without silica top cladding.
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Figure 52: (a) Q-factor of racetrack resonators can be increased by capping
them with SiO2 (deposited by PECVD ). Both TE and TM modes are sup-
ported, as shown in (a) and (b) respectively. Lorentzian ﬁts reveal Q-factors
of 125,000 for TE modes and 76,000 for TM modes. (c) The highest Q-factor
measured (TE resonance) is 250,000.
8.4 Split modes and nonlinear bistability signa-
tures
Scattering along the resonator’s surfaces or inside the diamond ring
can cause the initially degenerate counter-propagating modes to
couple, which is referred to as intracavity backscattering
[25, 67, 68, 95]. The characteristic signature of this intermode
coupling is the splitting of the modes as seen in ﬁgure 53b. The
response of the system can be analyzed by the following set of coupled
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mode equations [95]
da+
dt
=  (t=2 + i!0)a+ + ia  + s (8.8)
da 
dt
=  (t=2 + i!0)a  + ia+ (8.9)
where a represent the amplitudes of clock-wise and counter
clock-wise ring resonator modes, t the decay rate,  the coupling rate
between the two modes, s the amplitude of the input pump ﬁeld in
the coupling waveguide and  the coupling rate between the
waveguide and the resonator. The detuning between excitation and
resonance frequency (of the degenerate mode) is denoted as !0. The
observed splitting in the modes is most likely caused by scattering due
to fabrication imperfections as will be discussed in the next chapter.
Further improvements in fabrication, and EBL in particular, mostly
eliminates the splitting accompanied with higher Q factors.
Finally, we observed the signatures of optical bistability in our
devices for large input powers (Figure 53a,c). With increasing input
power the cavity resonance shows a characteristic bistable lineshape
with a red-shift and a steep drop-oﬀ as the laser is scanned from lower
to higher wavelengths. The bistability threshold power is estimated to
be 100mW inside the waveguide for a device with a Q factor of
1:22  105. The observed nonlinearity stems most likely from a
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Figure 53: (a) Mode behavior as a function of power reveals optical bista-
bility at high pump powers. (b) Mode splitting is observed, indicative of cou-
pling between clockwise and counter-clockwise traveling modes due to scatter-
ing. (c) Non-split mode of the same device at low (red) and high (blue) pump
powers shows signature of optical bistability at high pump powers.
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combination of the optical Kerr eﬀect (intensity dependent refractive
index) due to the (3) nonlinearity of diamond, and the thermo-optic
eﬀect originating from the surrounding silica. Time-dependent
studies, could provide more insight to the origin of nonlinearity [158].
We do note, however, that the wide bandgap of diamond makes
nonlinear eﬀects due to multi-photon absorption that plagues Si
photonics at telecom wavelengths highly unlikely. Similarly,
free-carrier dispersion is not a likely origin for the nonlinear eﬀects.
The thermal contributions can be suppressed by using a substrate
with higher thermal conductivity than silica.
So far, the operation of high-Q diamond race-track resonators
integrated with low-loss diamond waveguides at telecom wavelengths
has been demonstrated. The integrated diamond photonic platform
presented here is the ﬁrst step towards integrated frequency combs
and Raman lasers based on diamond. Owing to diamond’s large linear
and nonlinear refractive index thresholds for parametric oscillation
[81] and Raman lasing to be 300mW and 10mW, respectively, for
devices with optimal geometries having Q-factors of 250,000. The
optimization of the fabrication method and waveguide - ring coupling
section will result in a higher coupling eﬃciency and in a higher
optical power transfer from the waveguide to the ring thus further
increasing the eﬃciency of our device. These improvements in
fabrication will be discussed in the following chapter along with
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results of optical parametric oscillations in diamond resonators.
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Precise measurements are really something that
you can and should be passionate about. Ac-
curate measurements really mark the beginning
of modern science. Whenever you can mea-
sure something more precisely than before, you’re
likely to ﬁnd something new, because you can
look where no-one has looked before.
Theodor Hänsch, during his Nobel Lecture 2005
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Optical Parametric Oscillations
In this chapter we present the nonlinear optical response of waveguide
coupled integrated diamond ring resonators above parametric
oscillation threshold. Improvements in design and fabrication allow
for ring resonators with record-high Q factors exceeding one million
and ﬁnesses of 4,000 at telecom wavelengths [78, 79]. Parametric
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oscillation thresholds as low as 25mW (coupled in the waveguide) for
Q factors of 1  106 have been obtained. Parametric oscillation has
been observed into a total of 20 lines over a span of 165 nm. The
power converted into the lines was up to 1.1% of the pump power.
Furthermore, the ﬁrst measurement of the nonlinear refractive index
at telecom wavelength range in diamond has been performed and a
value of n2 = 8:2  10 20m2=W was experimentally obtained.
9.1 Introduction
On-chip nonlinear conversion processes of optical wavelengths in
diamond is appealing for the generation of novel and fast broadband
light sources, single photon conversion and frequency combs. For
instance, the large bandgap of diamond combined with low absorption
losses make diamond attractive for high repetition rate laser sources
at wavelengths that are otherwise hard to reach. In addition, the
existence and exploration of color centers in diamond as single photon
sources make nonlinear single photon conversion on-chip a promising
route for diamond nonlinear photonics. As host of numerous color
centers that are of particular interest for quantum information science,
sensing and cryptography, their integration with telecommunication
networks via nonlinear single photon conversion intersects quantum
communication with optical information processing. Finally, an
on-chip frequency comb, covering large wavelength ranges, is
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intriguing for high precision metrology and measurements of an
unknown frequency. Optical frequency combs [170] have been
explored from UV, VIS to NIR and are now commercially available
for high precision spectroscopy (MenloSystems) [44]. Aside from the
laser based frequency comb approach, remarkably, equidistant
frequency markers can also be generated over a large span via the
nonlinear Kerr eﬀect with high repetition rates in the GHz range [44].
So far, integrated devices suitable for on-chip nonlinear optics have
been limited to silica [144], Si and Si3N4 [108, 133] . However, none of
these materials have shown to be compatible with nonlinear optics in
the visible. Diamond, who has recently emerged as a promising
platform for on-chip photonics, intrinsically combines the advantages
of low absorption losses within its large transmission window with a
relatively high nonlinear refractive index and hence could be used to
implement frequency combs in the VIS and even UV. Furthermore, its
high thermal conductivity allows for high power operation.
9.2 Design and fabrication of ring resonators
Building upon the preliminary promising results of chapter 8, the ring
resonator design has been adjusted for an eﬃcient design for four
wave mixing (FWM). Owing to an inversion symmetry in crystal
lattice, diamond’s lowest order nonzero nonlinear susceptibility is (3)
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Figure 54: Schematic of four wave mixing process where two pump photons
are converted into two photons with diﬀering frequencies while conserving
energy.
[26] but is still denoted as n2 here (and in literature [59]):
n = n0 + n2I = n0 +
122(3)
n0c
where n0, I and c are the linear refractive index, the pump intensity
and the speed of light. A third-order nonlinear parametric process
where two pump photons at frequency !P are converted to two
diﬀerent photons at !+ and !  (denoted as signal and idler), such
that energy conservation is satisﬁed by 2!p = !+ + !  (Fig. 54 is
called four-wave mixing (FWM). The FWM gain scales with the
pump intensity, and the pump power requirement can be reduced by
conﬁning the light to nano-waveguides [59]. The FWM eﬃciency can
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be drastically increased by using high-Q resonators [1, 168], where
photons make multiple round trips on resonance, resulting in the
optical intensity to be enhanced by a factor of the ﬁnesse. Optical
parametric oscillation (OPO) is achieved when the round trip FWM
gain exceeds the loss in the resonator - bright coherent light being
spontaneously generated at the signal and idler wavelengths -
analogous to a laser above threshold.
In addition, FWM also entails momentum conservation, or
phase-matching which implies
k = 2Ppump  kL  0
[59, 71]. Here, the second term kL = 2kpump   k+   k  is the phase
mismatch due to the linear dispersion, kpump, k+ and k  are the
pump, signal and idler wavenumbers, respectively,  = !pumpn2=cAeff
is the eﬀective nonlinearity and Aeff the eﬀective optical mode area.
The ﬁrst term arises from the nonlinear response to the strong pump,
which imposes self-phase modulation (SPM) on itself and cross-phase
modulation (XPM) on the generated modes that is twice as large as
the SPM. This nonlinear phase shift needs to be compensated for by
the linear dispersion i.e. kL > 0. Consequently, the group velocity
dispersion (GVD) of the optical mode needs to be anomalous around
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the pump wavelength [59, 71], or
GVD =  
c
 d2neff=d2 > 0
, where neff is the eﬀective index of the waveguide mode,  is the
wavelength and c is the speed of light in vacuum. For a resonator, this
implies that the frequency separation between adjacent modes,
m   m 1 (or the free-spectral range, FSR), increases as a function of
the mode number m. The resonator dispersion D, given by the change
in FSR (m+1 + m 1   2m), thus needs to be positive for modes
around the pump wavelength [44, 81]. The unequal frequency spacing
of the resonator modes due to anomalous dispersion is compensated
by nonlinear optical mode ”pulling” i.e a shift in the resonance
frequencies caused by SPM and XPM due to the pump [44, 96].
In this chapter we account for the material dispersion of diamond
that is normal while the oxides surrounding it have anomalous
dispersion at telecom wavelengths. The net waveguide dispersion can
be engineered to be anomalous by appropriately designing the
cross-sectional dimensions [59, 81, 108, 133]. However, as mentioned
before, our fabrication technique relies on thin SCD ﬁlms that are
typically wedged due to the mechanical polishing process of the
surfaces resulting in a thickness change of at least > 300 nm=mm
across the sample [79]. Therefore, the waveguide design has to be
robust towards ﬁlm thickness changes and imperfections due to
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fabrication. A ﬁnite-element mode solver (COMSOL) is used to
simulate the diamond ring resonator dispersion. The material
dispersion of both the thermally - grown SiO2 underneath the
diamond devices and the capping SiO2 deposited via plasma-enhanced
chemical vapor deposition (PECVD) are evaluated in ellipsometry
measurements and their data included in the simulations.
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Figure 55: Robust dispersion engineering allows for a range of ring cross-
sections yielding anomalous dispersion for the ring resonator modes in the
telecom wavelength range. Inset shows the optical mode proﬁle for the
transverse-electric (TE) mode in the silica - cladded diamond waveguide.
Figure 55 shows that for the optimized geometry, the resonator
dispersion can be made anomalous in the wavelength range of interest
for a range of ﬁlm thickness (or waveguide height). For a ring
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resonator of radius 20m, anomalous dispersion for the
transverse-electric (TE) mode can be achieved in the 1400  1700 nm
wavelength range for widths 800  900 nm and heights 500  1000 nm.
In order to design the gap between the coupling waveguide and the
ring resonator, 3D Finite-Diﬀerence Time Domain (FDTD)
simulations (Lumerical) are used. For the above mentioned
cross-sectional dimensions, gaps of 400  500 nm yield coupling
Q-factors QC > 5  105.
Figure 56: SEM micrographs of ring (a) and waveguide (b) mask sections
that have periodic stripes due to EBL writing technique. (c) Improving the
segmenting and order of EBL writing allows for smooth masks.
Using the designed parameters, waveguide integrated SCD ring
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resonators of radii 20- and 30m are fabricated on a SiO2=Si chip
according to the method presented in chapter 8. Additionally,
improvements in the EBL technique are pursued. The periodic lines
observed in the ring and curved waveguide sections (see ﬁgure 56a,b
and chapter 8 are assumed to cause an intermode splitting and limit
the loaded Q factor. The origin of these lines lie in the way EBL
segments and writes the device according to the prepared ﬁle for the
tool. Improvements in the writing technique - while still not perfect -
result in the absence of the segmenting of waveguide and ring
resonator. Speciﬁcally, using a simple polyline in AutoCAD that has
the linewdith of the ring/waveguide width segments the design into
continuous ultra-small segments that prevent the occurrence of the
periodic lines in the devices (Fig. 56c). Additionally, further
improvements can be pursued using the Elionix compatible software
Layout Beamer. Using the former method, we fabricated arrays of
ring resonators (Fig. 57).
9.3 Results
Measurements are performed in a similar way as in section 8.3. The
overall sample insertion loss is inferred to be  8 dB (We note, that
all data shown in this chapter was taken from the same device unless
noted otherwise). First, transmission measurements are performed by
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Figure 57: SEM image of an array of waveguide-coupled SCD ring resonators
on a SiO2=Si chip. Inset shows magniﬁed view of the ring - waveguide cou-
pling section.
sweeping a continuous - wave laser (Santec TSL-510) across the
telecom wavelength range to measure the resonator Q-factors and the
coupling of the bus - waveguide to the rings (Fig. 58a). Most devices
are found to be slightly under-coupled. Loaded Q-factors (QL) as high
as 1  106 are measured for the TE mode, with most devices having
QL > 2  105. To ensure an accurate resonance linewidth
measurement, a radio-frequency (RF) phase modulation is imparted
on the input light which generates sidebands around the main
resonance (Fig. 58b). Comparing the measured distance between the
dips with the applied RF frequency (1  3GHz) allows for a precise
calibration of the wavelength/frequency axis [40]. Using this method,
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Figure 58: a Normalized transmission spectrum of a ring resonator reveals
high Q-factor modes. The radius of the ring is 20m, corresponding to a
free-spectral range (FSR) of  7:5 nm (925 GHz). Inset: A loaded Q-factor
of QL  1  106 is inferred from a Lorentzian ﬁt for the mode at 1545:1 nm. b
The input light from the continuous-wave laser scanning across the resonance
is phase-modulated at 2GHz to generate side-modes and calibrate the wave-
length/frequency axis accurately, yielding an actual QL ' 1:14  106 for the
same mode.
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we measure the highest Q to be  1:14  106.
Next, we describe the observation of optical parametric oscillation
in the diamond ring resonators. The input laser is sent through an
erbium-doped ﬁber ampliﬁer (EDFA, Manlight) to obtain a high
pump power. The EDFA was directly spliced to a lensed ﬁber (OZ
Optics) that was fed through a input polarizer. The pump is initially
tuned slightly blue to the resonance and then slowly moved into
resonance. The power absorbed by the ring causes a thermal red -
shift of the resonance potentially arising due to the heating of the
silica cladding. While tuning the laser deeper into resonance, the
output light is monitored on an optical spectrum analyzer (OSA, HP
70952B). As the detuning of the pump to the resonance minimum
decreases, more power is transferred to the ring resonator, eventually
resulting in the generation of pairs of new lines - at integer multiples
of the resonator FSR - around the pump. The ﬁrst sidebands are
generated at mode numbers jmj =
q
=D  (pPin=Pth   1 + 1) away
from the pump [81], where  represents the resonator linewidth
(cavity decay rate), D is the resonator dispersion discussed earlier, Pin
is the input pump power and Pth is the threshold pump power for
parametric oscillation (Fig. 59). Tuning the pump deeper into
resonance generates several new modes further away from the pump,
ﬁnally resulting in a spectrum of multiple lines with a frequency
spacing given by the FSR (Fig. 60). The pump power coupled into
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the resonator is intrinsically stabilized during this entire process
achieving a thermal ’soft-lock’ [45], and stable oscillation is observed
for up to  20min (limited by stage drifts).
Figure 59: Onset of parametric oscillation is displayed for a pump power of
25mW in the waveguide.
The performance of our diamond OPO device is studied as a
function of pump wavelength. The same ring is pumped at two
diﬀerent resonances, ﬁrst at  1553 nm (C-band) and then at
 1599 nm (L-band), and their output spectra compared (Fig. 61).
For the same pump power of  80mW in the waveguide, the former
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Figure 60: Optical parametric oscillation spectrum as a function of detun-
ing from resonance minimum. New frequencies are generated in the spectrum
as the pump wavelength is tuned towards the mode transmission minimum
starting from a blue detuned position. Thermal red-shift of the resonance in-
trinsically provides stabilization of the pump power coupled into the resonator.
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generates 10 new lines spanning a range of 75 nm while the latter
generates 20 lines spanning a range of 165 nm. This eﬀect can be
explained by an increased power drop into the ring for a larger ring -
waveguide coupling eﬃciency towards longer wavelengths in the case
of under coupled devices. Additionally, this eﬀect might be associated
with better phase matching for longer wavelengths due to the
dispersion of the device.
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Figure 61: Optical parametric oscillation spectra for two diﬀerent pump
wavelengths. The generated spectrum from the same ring resonator for two
diﬀerent pump positions, 1553 nm and 1599 nm. The pump power is the same
in each case (80mW in the waveguide). A total of 20 new lines is observed
for the 1599 nm pumping, while 10 lines are observed for the 1553 nm pump-
ing. The trend can be explained by higher coupling eﬃciency between the
bus-waveguide and the ring as well as better phase matching for longer wave-
lengths.
Finally, to determine the threshold for parametric oscillation, the
output power in the ﬁrst generated sideband is measured as a
function of pump power. Fig. 62a shows the data for a device
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pumped at a resonance near 1575 nm with QL = 9:7  105, where we
infer a Pth of only  25mW in the waveguide and a conversion slope
eﬃciency of 2%. For pump powers above threshold, oscillation
occurs into multiple new modes limiting the power converted to the
ﬁrst sideband. We infer the total power in a total of 19 generated
modes combined to be 3:4mW for an input pump power of 316mW
and hence an overall conversion eﬃciency of  1:1%.
The threshold power (Pth) for parametric oscillation arising from
the third-order nonlinearity (FWM) can be also estimated from
theory as [120]:
Pth ' 1:54

2
 QC
2QL
 n
2
0V
n2PQ2L
(9.1)
where P is the pump wavelength, V is the resonator mode volume
and n0 is the linear refractive index (2.4 for diamond). By
measuring Pth for various devices with diﬀerent Q-factors, the
nonlinear refractive index n2 can be estimated in the wavelength
range around the pump. The measured Pth for eight diﬀerent devices
on the same chip is depicted in ﬁgure 62b. From this data, we report
the ﬁrst measurement of the nonlinear refractive index of diamond in
the telecom range as n2 = (8:2 3:5)  10 20m2=W. The value
obtained for n2 at telecom wavelengths is about a factor of 1.5 smaller
than the value reported for visible wavelengths [26, 107], which is
expected as per the theoretical prediction of the dispersion of the
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nonlinear susceptibility (longer wavelengths being more oﬀ-resonant
from the bandgap) [107]. Fig. 62b also shows that most of the devices
measured are on the under-coupled side, consistent with the
expectations form the transmission measurements.
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Figure 62: Parametric oscillation threshold and dependence on Q-factor. a
Output power in the ﬁrst generated side-mode as a function of input pump
power (both estimated in the waveguide) for a device with QL = 9:7  105.
The threshold for oscillation is observed to be 25mW. b Threshold power for
oscillation as a function of loaded quality factor QL. The data is measured
for eight diﬀerent devices (blue dots). Threshold powers roughly follow the
theoretically predicted trend of being inversely proportional to Q2L, with most
devices being slightly under-coupled i.e. QC > 2QL (consistent with the
transmission measurements). The black line denotes critical coupling (100%
transmission dip on-resonance), while the blue line denotes under-coupled res-
onators (50% transmission dip on-resonance).
In summary, we demonstrate an on-chip OPO operating at telecom
wavelengths based on a fully-integrated, monolithic, single-crystal
diamond micro-resonator. The OPO uses the (3)-nonlinearity of
diamond to realize FWM gain for side-modes around the pump
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frequency. Ring resonators with Q-factors near one million enable
oscillation threshold powers as low as 25mW in the bus-waveguide,
and 20 sidebands spanning a wavelength range of 165 nm are
generated with pump powers less than 100mW. We also report the
ﬁrst measurement of the nonlinear refractive index of diamond in the
telecom wavelength range as n2 = (8:2 3:5)  10 20m2=W. Coupling
higher pump powers into the OPO device should enable the
generation of broadband, high-repetition-rate optical frequency combs
that are desirable for numerous applications [44, 60, 81, 97, 133, 153].
As with most other on-chip OPO’s aiming for octave spanning comb
generation, diamond has an inversion symmetry crystal inhibiting any
(2) processes so the on-chip generation of the second harmonic of an
octave spanning comb is inherently inhibited and would need to be
done either via a diﬀerent (2) material integrated on-chip (e.g.
Lithium niobate, LBO, KTP etc.) or externally via a (2) nonlinear
crystal. Another unknown factor remaining is the nature of the
carrier-envelope phase shift  and how its feedback could be
implemented on-chip.
The large thermal conductivity of diamond along with its small
thermo-optic coeﬃcient should enable the fabrication of robust
devices capable of handling high powers. Given diamond’s large
transparency window from the UV to the IR, in addition to the
absence of loss mechanisms like two-photon absorption and
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free-carrier absorption plaguing other material systems for photons up
to  2:75 eV, this technology can be transferred to other wavelengths
where on-chip devices have not yet been realized in other material
systems, e.g. the visible range. Integrating these devices with sources
of non-classical light, such as single-photon sources based on
color-centres in diamond [55, 56, 76], is another intriguing possibility.
Our work thus opens up an avenue for research into diamond
nonlinear photonics, where all-optical information processing on-chip
may be realized at both the classical and quantum level.
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Part III
Third part: Le ﬁn
167
Photons have mass? I didn￿t even know they were
Catholic.
Woody Allen
10
Summary and outlook
In the past 5 years, diamond research has evolved from working with
color centers in bulk material or nanocrystals to their controlled
integration in nanodevices. Moreover the leap towards integrated
nonlinear optics in diamond has been achieved which opens a new
route for diamond photonics. However, while progress in the ﬁeld has
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been tremendous, there are outstanding challenges that still need to
be addressed. In particular, the intriguing applications within the
scope of quantum networks based on NV centers rely on their
controlled integration in devices which likely necessitates the use of
implanted NV centers. While initial results for diamond devices such
as nanowires, plasmonic apertures and integrated devices have been
demonstrated in this thesis and will be summarized in this chapter,
challenges are pointed out for the next generation of diamond
photonics.
Implantation of NV centers So far, a good NV center
implantation throughput was observed in the case of shallow
implanted NV centers in nanowires where up to 30% of nanowires
contained single NV centers [116]. An outstanding challenge that
needs to be resolved before advancing to more involved quantum
optics studies of NV centers embedded in nanophotonic devices, is
obtaining stable, narrow - ZPL NV centers embedded in nanodevices
at low temperature.
Nanowires An order of magnitude more eﬃcient exchange of
pump and emitted single photons has been obtained in form of a NV
center-coupled nanowire geometry ( 2  105CPS) compared to the
emission in bulk ( 2  104CPS). Its single photon count level is also
higher compared to nanocrystals that usually emit in the high
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104CPS range as well [20]. Since the nanowire provides directional
emission, it could be integrated with a simple lensed ﬁber. Overall,
the increased collection eﬃciency of the nanowire geometry facilitates
optical studies of the NV center. Furthermore the scalability of
making millions of nanowires on the same chip can be leveraged in
entanglement measurements that rely on both high single photon ﬂux
as well as having identical ZPLs of NV centers which represents a
statistical issue. For these measurements, a low temperature
environment is necessary to resolve the ZPL of the NV centers.
However, as mentioned before, low-temperature studies of implanted
NV centers in diamond nanowires have not yet oﬀered photo-stability
and narrow ZPLs potentially due to surface eﬀects originating from
the etch procedure, surface termination and surface traps.
Plasmonic resonators A broadband enhancement of
spontaneous emission has lead to a sixfold increase in the emission
rate of NV centers placed in plasmonic ultra-small mode volume
resonators. However, photon collection eﬃciency in the system
remains limited by losses to surface plasmons as well as
total-internal-reﬂection at the collection (bottom) facet of the
diamond substrate, so that only about 5% of the total emitted
photons are collected. A modiﬁed geometry where characterization is
performed from above the sample should result in even larger Purcell
eﬀects [29]. Future developments thus include the addition of gratings
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to coherently scatter surface plasmons into the critical cone to
improve collection eﬃciency and potentially lead to beaming [109].
Potential applications of the diamond-plasmon system include
improved optical readout for NV center-based nanoscale
magnetometry [116], [151] and faster rates for quantum
communication and computation processes based on either spin or
photonic qubits (Fig. 3b). However, practical implementation of the
device would require a suﬃciently long spin coherence time as well as
stable emission lines at low temperature for the shallow-implanted NV
centers, which remain to be conﬁrmed in experiments.
Planar integration Integrated diamond photonics has recently
emerged as a promising platform for quantum science. Photonic
crystal and ring cavities, as well as optical waveguides and gratings
have been demonstrated using this approach. Furthermore, on-chip
single photon routing has been achieved for NV centers in planar ring
resonators coupled to waveguide. Small mode volume ( 2(=n)3)
PCCs have been sculptured from diamond having Q-factors as high as
6,000. An spontaneous emission rate enhancement of the NV center’s
ZPL of a factor of 7 has been inferred from low temperature
measurements of natural NV centers. The approach used here allows
for a large tuning range of 23 nm in irreversible blue tuning and 7 nm
in reversible red tuning. Since PCCs provide a much higher Q=V
ratio compared to the ring resonators (a factor of 15 merely due to
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the smaller mode volume), much stronger light-matter interaction
between NV centers and the cavity ﬁeld may be achieved using this
geometry. At the same time the likelihood of having an NV center
coupled to the cavity region is reduced. Moreover, surface eﬀects such
as surface traps and functionalization have greater impact on
implanted NV centers that are located in close proximity to the
surface. Therefore, further studies and developments of surface
treatments and annealing protocols are needed to enable wide-spread
applications of diamond photonic crystal cavities. So far, Purcell
enhancement into the ZPL up to 70 has been reported [56] which is
up to 6 times higher than what has been achieved with ring
resonators [55]. Potentially, novel techniques, based on bulk
nanomachining of diamond [30] might further facilitate the
developments in the ﬁeld of quantum diamond photonics.
Nonlinear optics in diamond The ﬁeld of nonlinear optics in
integrated diamond devices has just been developed and requires
further intense studies of the optical parametric oscillation processes.
Initial results on optical parametric oscillations in butt coupled
diamond ring resonator devices have been observed. However, the
range over which lines can be generated still needs to be characterized
to potentially allow for frequency comb generation. Exploring
nonlinear processes in the visible wavelength range is another
intriguing route, along with the integration and conversion of single
172
photons of diamond’s color centers.
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